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ABSTRACT
The aim of this thesis was to investigate the impact of chemical cleaning on the
rejection of trace contaminants (TrOC) by nanofiltration (NF) membranes. The
impact of chemical cleaning on TrOC rejection was investigated by exposing three
different virgin NF membrane samples  namely NF270, NF90 and TFC-SR100 
to chemical cleaning solutions (i.e. alkalis, acids, surfactants, chelating reagents and
a combination of these chemicals) of various strengths and temperatures. Filtration
experiments of the chemically cleaned membrane samples were subsequently carried
out in a laboratory-scale cross-flow membrane filtration system. The observed
variations in rejection of TrOC were related to the variations of the membrane
surface structure and properties, including charge, hydrophobicity, permeability and
chemistry.
The results showed considerable impacts of chemical cleaning on the properties of
the NF membranes as well as their capacity to reject TrOC. In this study, the
observed changes in TrOC rejection were in good agreement with the changes in the
membrane permeate flux. The predominant trend in rejection caused by chemical
cleaning depends on the physicochemical properties of the TrOC, the nature of the
cleaning solution (i.e. caustic or acidic) and the structure and composition of the
membrane.
The rejection of negatively charged TrOC was the least affected by chemical
cleaning in this study. This is because charge repulsion (which is the predominant
rejection mechanism of negatively charged TrOC) was not affected by chemical
cleaning. By contrast, the rejection of neutral TrOC by the NF270 membrane varied
considerably due to chemical cleaning as a response to conformational
rearrangements of polymeric chains in the membrane active skin layer. These
i

conformational relocations of polymeric chains were mainly driven by variation in
the membrane surface charge as a response to caustic and acidic cleaning. On the
other hand, the impact of chemical cleaning on the solute rejection by the NF90 and
TFC-SR100 membranes was insignificant, most likely because of their thicker and
denser active skin layer. Caustic cleaning reagents increased the membrane
permeability and the convective passage of neutral TrOC through the NF270
membrane most significantly among all cleaning reagents investigated in this study,
particularly when surfactants and/or metal chelating reagents were incorporated in
the caustic cleaning solution. In contrast, insignificant variations in the membrane
performance were observed when the same metal chelating reagents and surfactants
were used individually.
The observed variations in the membrane permeability and TrOC rejection due to
caustic chemical cleaning are not permanent and can be recovered by subsequently
rendering the membrane neutral (e.g. by subsequent acidic cleaning). Similarly,
elevated cleaning temperature can compensate for the impact of caustic cleaning,
since cyclic changes in the cleaning temperature tightened the membrane polymer
significantly.
This study also explored the impact of repetitive fouling-cleaning cycles on the
rejection of TrOC. Membrane fouling (i.e. by silica colloid, humic acid, alginate and
secondary treated effluent) changed the solute rejection by pore blocking,
modification of the membrane surface charge, and cake-enhanced concentration
polarisation. Subsequent chemical cleaning using a commercial cleaning formulation
was applied to recover the membrane flux. Although chemical cleaning effectively
restored the membrane flux (over 100%), surface hydrophobicity and zeta potential
was not recovered over multiple fouling-cleaning cycles. In agreement with this,
ii

microscopic investigations confirmed traces of remaining foulants on the membrane
surface. The enlargement of the membrane pores due to caustic cleaning
subsequently led to notable changes in the rejection of neutral TrOC, whereas
repetitive fouling-cleaning cycles had negligible effects on the rejection of negatively
charged TrOC.
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Chapter 1 Introduction

CHAPTER 1
1INTRODUCTION
1.1

Problem identification

Population growth, global warming and contamination of the natural freshwater
sources present a major threat to clean water supply in many parts of the world. It has
been predicted that water scarcity will continue to dramatically increase beyond the
end of this decade in regions such as China, Southeast and Southwest Asia, India, the
Middle East, North Africa, South Africa, and the western United States [1]. In
particular, the pollution of open freshwater bodies with anthropogenic and lowmolecular trace organic contaminants (TrOC) has become a worldwide issue over the
past few decades [2]. Since many TrOC are biologically active, they present a
potential hazard to human health and the environment. These TrOC can be classified
into several groups including pharmaceutically active compounds (PhAC), endocrine
disruptors (EDC), personal care products (PCP), pesticides, and industrial chemicals
such as plastic additives. The alarming increase of the number and concentration of
TrOC in freshwater was raised by the World Health Organization in 2005 [3]. There
are two main reasons contributing to the public awareness of TrOC in the
environment. Firstly, the increasing number and concentration of TrOC that are
released into the aquatic environment, in particular since World War II, due to the
large amount of produced and consumed pharmaceutical drugs and chemicals in a
modern society. Secondly, there has been tremendous technological progress in the
field of analytical chemistry, which allows the quantification of TrOC at trace levels.
TrOC can be detected in a water sample at a concentration as low as 1 nanogram per
litre (ng/L) or even less. The majority of TrOC are released into the environment by
effluent discharge from private households, hospitals, and industrial and farming
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activities [4]. These TrOC are usually poorly removed by conventional wastewater
treatment facilities (WTF) [3]. Despite the low and variable removal rate, the
concentrations of synthetic TrOC detected in the environment are usually more than
1000-fold smaller than their minimum therapeutic dose (MTB). However, the impact
on the environment and human health by the smallest concentration of TrOC over the
long-term is still uncertain [3, 5]. As a result, the Australian Water Recycling
Guideline includes a 1000 to 10000-fold safety factor to that of the lowest MTB.
This safety rate consists of a 10-fold factor for sensitive humans, a 10-fold factor for
infants and children and a 10-fold factor for the lowest therapeutic dose not being a
no-effect level. In addition, for cytotoxic and hormonally active steroid drugs, a
factor of 10 was added because of the high toxicity and activity of these
contaminants even at a very low concentration [3]. It is unanimously accepted that it
is essential to avoid TrOC in reused water and in the aquatic environment.
Significant progress in process engineering and materials science have allowed the
effective removal of TrOC by membrane filtration processes such as nanofiltration
(NF) and reverse osmosis (RO) [6]. Hence, RO and NF membranes have become an
integrated part in many water reuse facilities. Water reuse is more cost effective and
environmentally friendly as in comparison to seawater desalination or long-distance
water transfers for regions experiencing regular and severe droughts and water
scarcity [7, 8]. However, in full-scale applications, NF and RO membranes have
several drawbacks. The vast amount of organic, colloidal, biological and/or inorganic
matter in wastewater causes membrane fouling. This can continuously reduce the
productivity and the reliability of this technology. It has been observed that
membrane fouling can compromising the rejection of TrOC by altering the surface
hydrophobicity, charge, pore size and by hindering the compounds back diffusion [9,
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10]. Therefore and because of the flux decline, membrane fouling has to be
periodically mitigated by aggressive chemical cleaning, which in turn can
compromise the membrane properties temporary or permanently. For instance,
chlorine can damage polyamide membranes by reacting with the amide groups and
the aromatic rings of the polyamide [11-15]. Other cleaning reagents have also been
observed to result in a decrease in solute rejection [16, 17], while the exact reason is
often not fully understood. In full scale membrane installations, both fouling and
chemical cleaning are inevitable and can change the economic benefit of membrane
filtration and also the reliable rejection of TrOC. However, in comparison to
membrane fouling, few studies have focused so far on the impact of chemical
cleaning on TrOC rejection [18]. Thus, studies on the impact of chemical cleaning on
TrOC rejection by membrane technology can significantly contribute to the overall
understanding on the variations on TrOC rejection in full-scale membrane
applications.
1.2

Research goal

The aim of this work is to evaluate the impact of chemical cleaning on the
nanofiltration of TrOC. The first part of this thesis work includes the review of the
current studies that have examined the impact of membrane fouling and chemical
cleaning on the TrOC rejection. The literature review will be compared with the new
insights obtained from several experimental studies as part of this thesis work. A
schematic diagram of this thesis structure is shown in Figure 1.1. This thesis contains
apart from this introduction chapter (chapter 1), two literature reviews (chapter 2 and
3), five separate experimental studies (chapter 4 to 8) and a conclusion chapter
(chapter 9).
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Literature review
Chapter 2

Chapter 3

TrOC in treated effluent and the aquatic
environment

Membrane fouling and cleaning and
their impact on TrOC rejection

Impact on TrOC separation by analytical cleaning reagents
Chapter 4

Chapter 5

Impact of the cleaning strength on the
nanofiltration of TrOC

Impact of cleaning temperature on the
nanofiltration of TrOC

Impact on TrOC separation by commercial cleaning formulations
Chapter 6

Chapter 7

Impact of commercial available cleaning
formulations on the nanofiltration of TrOC

Impact of the cleaning formulations on
the membrane pore size and the
nanofiltration of multiple TrOC

Impact on TrOC separation by repetitive fouling-cleaning cycles
Chapter 8
Impact of multiple fouling and cleaning
cycles on the nanofiltration of TrOC

Chapter 9
Conclusions, general recommendations
and suggestions for future research

Figure 1.1: A schematic diagram of the thesis outline.
Chapter 2 provides information on the occurrence of synthetic TrOC in wastewater
as well as the significance of water reuse. Chapter 3 contains technical information
about pressure driven membrane filtration processes and the major drawbacks of
membrane processes (i.e. fouling and cleaning) were discussed. Furthermore, the
current available literature on the impact of membrane fouling and chemical cleaning
on TrOC rejection was also reviewed in chapter 3. In chapter 4, the impact of
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cleaning reagent concentration (including analytical grade alkalis, acids, surfactants
and metal chelating reagents) on the nanofiltration of two model TrOC was studied.
The impact of the cleaning solution temperature (including Milli-Q water, alkalis,
acids, surfactants and metal chelating reagents) on the nanofiltration of two model
TrOC was studied in chapter 5. Chapter 6 examined the impact of commercial
cleaning formulations on the filtration of two model TrOC by three NF membranes.
In chapter 7, the impact of commercial cleaning formulations on the membrane pore
size and the rejection of 35 TrOC of various physicochemical properties by two
different nanofiltration membranes were examined. Chapter 8 investigated the
impact of repetitive fouling (i.e. by humic acid, alginate, silica colloids and
secondary treated effluent) and cleaning cycles on the rejection of two model TrOC.
In all experimental studies (i.e. chapter 5 to 8), the observed variations in TrOC
rejection were linked to the variations in the membrane properties, including zeta
potential (membrane charge), permeability, hydrophobicity and/or the membrane
chemical composition. In chapter 9, the findings of chapter 4 to 8 were summarised
and discussed. Recommendations and practical suggestions were given to limit the
impact of chemical cleaning on the rejection of TrOC.
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CHAPTER 2
2TROC IN TREATED EFFLUENT AND THE AQUATIC ENVIRONMENT
2.1

TrOC in the aquatic environment

2.1.1

Occurrence

In the developed world, a large amount of pharmaceuticals are consumed each day.
However, since the degradation of drugs in the human body is incomplete (Table
2.1), a significant amount of pharmaceutical residues and their metabolites can be
released into the environment via the sewer, eventually reaching the surface and
groundwater bodies and even tap water [4, 19-24].
Table 2.1: Degradation rate of TrOC by the human body [25].
Drug
Ibuprofen
Paracetamol
Amoxycillin
Erythromycin
Felbamat
Atenolo
Sulfamethoxazole
Bezafibrate
Metroprolol
Cetirizine

Class
Painkiller
Painkiller
Antibacterial
Antibacterial
Antiepileptic
β-Blocker
Antibacterial
Liquid regulator
β-Blocker
Antihistamine

Degradation of TrOC
by the human body (%)
90
96
40
75
50-60
90
15
50
10
50

Although in the developed world, wastewater is usually treated by conventional
wastewater treatment facilities (WTF), which include an activated sludge process and
clarification prior to entering the aquatic environment, some TrOC are poorly
removed and can be released into the environment at concentrations of up to several
µg/L [21, 26]. Previous studies have shown that the removal efficiencies of some
TrOC such as diclofenac, carbamazepine, and trimetoprim by conventional WTF are
less than 50% [21]. Accordingly, these TrOC are frequently detected at elevated
concentrations in treated effluent. Subsequently, these contaminants can reach open
surface water bodies, where their concentrations are further reduced by
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environmental dilution, hydrolysis, sorption, biodegradation and photolysis [26].
Nevertheless, the concentrations of many TrOC can reach up to several hundred ng/L
in open freshwater bodies of developed countries (Table 2.2). Considerably higher
concentrations can be found in some developing countries.
Table 2.2: Average and maximum (in brackets) concentration in ng/L of selected
TrOC in European surface waters [3].
Compound
Bezafibrate
Carbamazepine
Diclofenac
Ibuprofen
Iopromide
Roxithromycin
Sulfamethoxazole

Austria
20 (160)
75 (294)
20 (64)


91 (211)




Finland
5 (25)
70 (370)
15 (40)
10 (65)





France
102 (430)
78 (800)
18 (41)
23 (120)
7 (17)
9 (37)
25 (133)

Germany
350 (3100)
25 (110)
150 (1200)
70 (530)
100 (910)
(560)
30 (480)

Switzerland



30  150
20  150
(150)





The largest contribution of TrOC is from households and hospitals (Figure 2.1).
Another significant part comes with the waste from agricultural and industrial
activities [24, 27, 28]. Other pathways include leachate from landfills and livestock
through the application of growth hormones and veterinary drugs during in modern
husbandry practice [28, 29]. Direct disposal of expired or unused drugs through the
toilet also makes a small contribution to the release of TrOC into the environment
[24].
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Figure 2.1: Possible occurrence and pathways of TrOC entering the environment
[28].
2.1.2

Impact of TrOC on environment and human health

The impact of TrOC on non-target organisms can be significant. The contamination
of the environment by TrOC can result in the loss of the aquatic biodiversity and for
humans and animals in an increased risk of cancer, physical birth defects and mental
retardation. As an example, in Great Britain, there is concern that high concentrations
of oestrogen-like chemicals in the environment are responsible for the observed
dramatic increase of testicle cancer for men (Figure 2.2a).
The impact of TrOC on wildlife and humans depends on several factors including
their biological activity, toxicity, and lifetime of TrOC in the environment. The
aquatic environment can promptly degrade many TrOC, while others can undergo
several life cycles and impact non-target organisms either in their original or in a
partially metabolized form. Among all sub-groups of TrOC that are released into the
environment, EDC, PCP and PhAC are of most concern to scientists, water
authorities, and the general public. This is because the substances from these groups
are highly biologically active and reach the sewage in large concentrations due to
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their wide consumption. The impact of EDC, PCP and PhAC on the environment and
human health is a controversial issue widely discussed in the literature. Previous
studies investigating the risk posed by PhAC on humans and animals have reported
either a potential [19, 20] or a low-risk [2, 30], because the detected concentrations
of these drugs are usually significantly smaller than the minimum therapeutic dose.
However, it is also widely accepted that the knowledge about the long-term influence
on humans and animals by even very low concentrations of PhAC and EDC remains
very limited [3, 5]. Consequently, there is concern that the permanent presence of
PhAC can have adverse impacts on the environment and public health [5, 31]. In
addition, the release of antibiotics has raised concerns over the possible proliferation
of antibiotic resistance [32, 33].
EDC in the environment are known to adversely affect non-target organisms. EDC
can reduce the eggshell quality of birds and turtles. As an example, the population
collapse of the peregrine falcon (Falco peregrinus) in the middle of the last century
was caused by eggshell thinning due to the widespread agricultural spraying of the
insecticide dichlorodiphenyltrichloroethane (DDT) [34]. However, EDC can also
feminise fish populations (Figure 2.2b) and cause problems in the reproductive and
immunological systems of marine mammals [35]. It has been reported that a
concentration as small as 1 ng/L of estradiol can result in great endocrine disruption
in fish, leading to a change of sex [36]. Furthermore, EDC can adversely impact
human health by reducing the sperm production, increasing of the incidence of breast
and the risk of cancer for testicle and prostate [35].

-9-

Chapter 2 TrOC in treated effluent and the aquatic environment

b)

a)

Figure 2.2: a) Increasing concentrations of oestrogen-like TrOC are feared to
increase testicular cancer for men [37]. b) The presence of EDC in the aquatic
environment can cause a change of sex on fish [38].
2.2

Water reuse with NF/RO membrane technology

TrOC can be a concern for human health, particularly in countries where water reuse
is necessary to overcome a water shortage. Water reuse (or recycling) is the retreatment of wastewater to provide an additional water source for beneficial use.
Recycled water can be used to support industry, agriculture and/or the drinking water
system either directly or indirectly (Figure 2.3) [39]. Important milestones in the
history of water reuse were the installation of the first direct potable water plant in
1968 (Namibia), the introduction of RO in 1976 (USA) and the opening of the first
indirect potable water reuse scheme in 1978 (USA). Furthermore, the use of
microfiltration (1993) and bioreactors (1997) as pre-treatment stages for water
purification [40].
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Figure 2.3: Water reuse concepts [39].
Driven by increasing global freshwater scarcity, the amount of wastewater reuse rises
worldwide. Indeed, water reuse is today regarded ―as one of the main solutions for
water scarcity‖ [39]. In the year 2005, approximately 3,300 water reclamation
facilities treated nearly 18,900 m3/day of wastewater [41, 42]. Water reuse facilities
are distributed around the world with many in Japan, America and Australia (Figure
2.4). It should be noted in this data that the number of water reuse projects and their
distribution in China is somewhat uncertain. It has been, however, predicted that the
number of water reuse facilities in China will increase yearly by 29% until 2015 [41].
In addition, the annual increase in wastewater reuse has been predicted to be higher
than 10% in the Middle East, USA, Western Europe and South Asia (Table 2.3).
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Figure 2.4: Number of worldwide water reuse projects in 2005 [42].
Table 2.3: The predicted water reuse market in 2015 [41].
Market
China
Middle East
USA
Western Europe
South Asia

Capacity in 2015 (m3/day)
10,790
5,589
4,473
3,895
3,750

Predicted annual increase (%)
29
12
12
10
14

The energy consumed to recycle wastewater is usually higher than the purification of
surface water. Surface water treatment is the most energy efficient purification
process with only 0.15  0.3 kWh/m3. Energy demand of the RO component in a
water reuse scheme can be up to 1 kWh/m3. Energy consumption by the NF process
is usually lower due to higher membrane permeability (Table 2.4). It is important to
note that water reuse is a water stress solution. From this point of view, water reuse
cannot be compared with conventional potable water plants processing surface water.
However, in comparison to seawater desalination, water reuse plants using
membrane technology are more energy efficient since the osmotic pressure of
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seawater does not have to be overcome. In addition, RO and NF membranes can
remove TrOC reliably in one single process step. Thus, RO and NF membrane
technology is attractive for water reuse applications. The concentrations of TrOC that
a membrane has to encounter in water reuse are usually higher than that of the
filtration of open surface water and can be up to low μg/L [4, 43]. However, due to
the vast amounts of matter in wastewater, membrane fouling and chemical cleaning
cannot be avoided [44]. Both fouling and chemical cleaning can not only decrease
the economic viability of the system, but also compromise the reliable removal of
TrOC.
Table 2.4: Comparison of energy usage in kWh/m3 for different water treatment
technologies [41, 45, 46].
Process
Surface water treatment
NF of Surface water
Seawater desalination
(RO)
Seawater desalination
(NF)
RO of wastewater
NF of wastewater

Pre-treatment energy

Energy
consumption



Total



0.3  1.0

0.35

0.15  0.3
0.35

2.0  3.0

2.3  4.0



2.0

2.0

0.1
0.1

0.4  0.5
˂ 0.4  0.5

0.8  1.0
˂ 0.8  1.0
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CHAPTER 3
3MEMBRANE FOULING AND CHEMICAL CLEANING AND THEIR
INFLUENCE ON TROC REJECTION
3.1

Introduction

The last two decades have seen a significant development of wastewater reuse (or
recycling) as a pragmatic and sustainable solution to relieve the stress on the limited
fresh water resources. These finite resources have been further impacted by
population growth and irregular weather patterns. However, a major area of risk to
public health associated with water reuse is the occurrence of both natural and
synthetic TrOC that can be ubiquitously detected at trace levels in secondary treated
effluent and sewage impacted water bodies [3, 4, 19-23, 47-51]. Some of these TrOC
are relatively persistent to conventional wastewater treatment and are suspected to
cause adverse effects to human health and the environment. As a result, they must be
adequately removed prior to the reuse of reclaimed water for potable purposes [20,
50, 51]. In fact, most water recycling schemes, particularly those intended for
indirect potable reuse, employ advanced treatment processes such NF or RO
membrane filtration, ozonation, activated carbon adsorption and/or ultraviolet
oxidation to ensure the reliable removal of TrOC. NF/RO membrane processes, in
particular, have been an integral part of many water recycling plants around the
world [6]. However, NF/RO membrane systems present several potential inherent
drawbacks. The deposition of matter on the membrane surface (fouling) during
filtration results in decreased permeate flux and can compromise the rejection of
TrOC [10, 52-54]. The permeability of fouled NF/RO membranes is commonly
restored by chemical cleaning. However, the harsh chemical cleaning conditions can
accelerate membrane ageing, which alters the rejection of TrOC by NF/RO
membranes further [11, 15]. This chapter will describe membrane fouling and
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cleaning as well as the underlying mechanisms of TrOC rejection by NF/RO
membranes. In addition, the current literature relevant to the impact of membrane
fouling and chemical cleaning on TrOC rejection by NF/RO membranes will be
reviewed.
3.2

Membrane technology for water reuse

As can be seen in Figure 3.1, pressure driven membrane processes commonly used
for water and wastewater treatment can be classified based on their normal pore size
(microfiltration), molecular weight cut-off (MWCO), which is defined as the
molecular weight (MW) of an organic solute that is rejected at 90% (ultrafiltration),
or rejection of inorganic salts (NF or RO). Among these four membrane processes,
only NF/RO membranes are able to reject TrOC effectively.

Figure 3.1: Comparison of membrane types.
Basic membrane filtration operational parameters can be described by solute
rejection, and water and solute transport as shown below.

 cp 
Solute rejection  1   100%
 cf 

Eq. 1
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Water tran sport = K w  (P - Posm )

Eq. 2

Solute transport = K s  (c f - c p )

Eq. 3

Where cf and cp are the concentrations of the feed and permeate, respectively. ∆P is
the applied pressure, and ∆Posm is the osmotic pressure of the feed. Kw and Ks are the
water and solute membrane permeability coefficients, respectively. These
coefficients are defined as the transport flux through a unit area of membrane per
driving force unit. Important parameters which influence Kw and Ks are the
membrane thickness, porosity and pore size.

3.2.1

Membrane fabrication and morphology

Most NF/RO membranes currently used in water and wastewater treatment
applications are thin film composite (TFC) membranes made of polyamide. In
comparison to earlier TFC membrane materials, such as cellulose acetate, polyamide
provides better resistance against both fouling and harsh membrane cleaning
conditions as well as better TrOC rejection efficiency [55, 56]. TFC polyamide
membranes consist of a thin skin layer ( ˂ 0.5 µm), a microporouse polysulphone
support layer and a non-woven fabric layer to provide mechanical stability [55, 57].
This design simultaneously allows for high selectivity and water permeability with
good mechanical stability. The manufacturing process of the top skin layer governs
the membrane performance (i.e. rejection and permeability), their surface
characteristics (i.e. charge, roughness, hydrophobicity) and thus, their fouling
performance. While the active skin layers of fully aromatic polyamide membrane is
usually made of 1,3-benzenediamine reacting with trimesoyl chloride (1,3,5benzentricarbonyl

chloride)

in

an

organic

solvent,

semi-aromatic

poly(piperazinamide) membranes can be produced using aliphatic amine monomers
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(such as piperazine). In general, fully aromatic polyamide is usually used in the
production of RO and tight NF membranes due to the better selectivity. By contrast,
semi-aromatic poly(piperazinamide) is less selective and therefore commonly used in
the production of high-permeable NF membranes [57]. Surface coatings, such as
with neutral polyvinyl alcohol (PVA) can be also used to improve the hydrophilicity,
charge and roughness of membranes. These coatings have been observed to be in
particularly effective on fully aromatic membranes [58].

3.2.2

Membrane configuration

NF/RO membranes are packed in modules to provide a high membrane surface area
to volume ratio. The membrane module design aims to provide mechanical, chemical
and thermal stability, low production costs, good cleanability, small head loss and
concentration polarisation effects (which is the increased concentration of solutes on
the membrane surface). There are several types of membrane modules. In water
reuse applications, flat-sheet NF/RO membranes in a spiral-wound configuration are
the most common design. The modules can be connected in parallel and/or series to
achieve the desired production recovery and permeate quality. The design of the
membrane module and module arrangement are important and can be optimised to
limit membrane fouling and concentration polarisation effects [59].

3.2.3

Factors affecting TrOC removal by NF/RO membranes

The rejection of TrOC by clean NF/RO membranes is governed by both the solute
and the membrane physicochemical properties (Figure 3.2). Furthermore, the
rejection of TrOC by NF/RO membranes is a function of the operating conditions
(i.e. feed temperature, pressure, cross-flow velocity), feed water chemistry and the
TrOC concentration in the feed water [60, 61]. In general, adsorption, electrostatic
interactions and size exclusion are the key mechanisms involved in the rejection of
- 17 -
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TrOC by NF/RO membranes [44]. The rejection of TrOC by NF/RO membranes is
also a function of the compound‘s dissociation constant (pKa or pKb), diffusion
coefficient (Dp), MW, shape (length and width), dipole moment (polarity), solubility
in water and octanol/water partition coefficient (Log Kow) or Log D (combination of
pKa and Log Kow) [61].
The transport of TrOC through NF/RO membranes is governed by convection and
sorption-diffusion. In convection mode, the solute is carried with the solvent stream
and steric hindrance (or size exclusion) is the major rejection mechanism. Sorptiondiffusion is based on the chemical selectivity and is a complex function of the
membrane pore size, porosity, and hydrophobicity of the membrane and solute [62].
In NF membrane systems, TrOC passage can also be a function of convection and
diffusion. However, for nonporous RO membranes, solute transport by convection is
negligible.
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Figure 3.2: Factors affecting the TrOC rejection by clean NF/RO membranes.
3.2.3.1 Size exclusion
Size exclusion is based on the physical MW or size of a particle or molecule. A
porous membrane allows solutes smaller than the membrane pores to pass and rejects
the larger compounds. This mechanism is particularly important for NF membranes,
since RO membranes can be considered as nonporous. The rejection efficiency of
TrOC by NF membranes can only be roughly estimated by comparing their MW with
the MWCO of the membrane, since NF membranes do not exhibit a uniform pore
diameter nor do TrOC have uniform sizes/shapes [61, 63, 64]. For instance, the shape
of TrOC can vary due to the ionic strength and pH of the background solution [6,
55]. Furthermore, the porosity of polyamide membranes can alter when exposed to
acidic or basic feed pH [65]. Thus, the shape of the compound (length and width) has
been reported to be a better indication of a compound‘s separation efficiency by NF
membranes [9].
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3.2.3.2 Charge interactions
Electrostatic membrane-solute interaction involves electrostatic repulsion and
attraction. The membrane surface charge (usually measured and expressed as zeta
potential) governs the electrostatic interaction of the membrane with charged solutes.
Within neutral pH ranges (i.e. pH 7‒9), polyamide membranes are usually negatively
charged due to the deprotonation of the carboxyl groups (COOH → COO‒), which
increases with increasing pH (Figure 3.3). However, the charge of polyamide
membranes can also become positive at pHs below the membrane‘s isoelectric point
due to the protonation of the amine functional groups (NH2 → NH3+) [66]. Similarly,
the charge of a TrOC depends also on the functional groups present and therefore
TrOC net charge can be positive or negative in an acidic or basic environment,
respectively [6, 55]. The charge of TrOC is determined based on their pKa or pKb
value and the pH of the background solution.

Zeta potential (mV)

20
Neutral
(Isoelectric point)

10
0

Negative

Positive
-10
-20

Membrane charge

-30
2

4

6
pH (-)

8

10

Figure 3.3: Surface charge versus pH relationship of typical polyamide membranes.

Electrostatic repulsion can lead to a high rejection of negatively charged TrOC that
would otherwise pass through the membrane [60, 67-69]. It has been reported by
Kimura et al. [60] that negatively charged contaminants were rejected over 90% by
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an ESNA NF membrane (Hydranautics, Oceanside, CA), regardless of their other
physicochemical properties. By contrast, the same authors reported a decreased
rejection of neutral TrOC with comparable MW using the same membrane.
However, the negatively charged polyamide membrane can attract positively charged
TrOC, which can cause them to accumulate on the membrane surface (chargeenhanced concentration polarisation). This can significantly decrease the rejection of
positively charged TrOC by NF/RO [67, 69].
The rejection of negatively charged TrOC by NF can vary significantly due to slight
variations in feed pH, particularly when the feed pH is close to the dissociation pH
value (pKa) of the compound. For example, in a filtration pH range of 5 to 7, the
dominant rejection mechanism for sulfamethoxazole can switch between size
exclusion and electrostatic repulsion, which can cause significant differences in its
rejection by NF (Figure 3.4). In addition, the electrostatic repulsion of TrOC as a
main mechanism by loose NF membranes can decrease with increasing ionic strength
[70, 71].
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Figure 3.4: Dissociation and rejection of sulfamethoxazole (pKa is 5.81) by a NF
membrane as a function of the feed pH.
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The membrane surface charge can also influence the rejection of TrOC with a high
polarity due to the alignment of the compound in the electrostatic field of the
membrane. In fact, several researchers [68, 72] have reported that neutral and
cylindrical shaped TrOC with a dipole moment above 3 Debye are not effectively
retained by NF, since they can align in the electric field of the membrane and
therefore enter the membrane pores in the axial position.
Other electrostatic solute-membrane interactions involve the forming of hydrogen
bridges (dipole-dipole bond) between highly polar TrOC and the membrane [73-75].
It has been shown [76] that the hydrogen interaction of alcohols and phenols with
cellulose acetate membranes resulted in a decreased rejection of them. Furthermore,
hydrogen membrane-solute interaction has been observed to decrease the membrane
permeability due to the reduction of water bonding sites on the membrane surface
[73].
Another important electrostatic phenomenon that can occur in the filtration of monoand divalent anions using ion-selective membrane is the Donnan effect (Figure 3.5).

Figure 3.5: Donnan equilibrium by ion-selective membrane.
As shown in (Figure 3.5), the counter-ion of the feed solution is present at the
membrane surface at a higher concentration than that of the co-ion because of
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electrostatic attraction and repulsion effects (electrical double layer). This creates the
Donnan potential that prevents the diffusive exchange of the two ion species between
the feed solution and membrane surface. Monovalent ions such as chloride and
sodium can readily permeate through the membrane when they carry counter-ions,
which render them electro-neutral. By contrast, divalent anions such as sulfate are
more negatively charged and therefore, will be better rejected by the negatively
charged membrane (Figure 3.5). The Donnan effect is of use in water softening, as it
increases the permeation of anions and decreases the osmotic pressure [77].
3.2.3.3 Hydrophobic interactions
The transport of solutes through the membrane can also be affected by hydrophobic
membrane-solute interaction. Neutral hydrophobic TrOC can adsorb to the
membrane polymer through hydrophobic interactions. In addition, Van der Waals
force can play a role in the solute adsorption [78]. It has been reported that the
maximum amount of TrOC that can be adsorbed per unit area of membrane depends
not only on the feed pH, membrane hydrophobicity and porosity, but also on the
relation of pore size to solute size [62, 78, 79].
In general, a compound can be considered as hydrophobic when its Log D value (pH
dependent distribution of the compound in hydrophobic (i.e. octanol) and hydrophilic
(i.e. water) immiscible solutions) is above 3 [80]. The rejection of hydrophobic TrOC
by NF membranes has been shown to be lower than that of hydrophilic compounds
with an equivalent size [81]. Hydrophobic TrOC can also adsorb to the membrane
polymer, which leads to a high initial rejection by NF/RO filtration. However, the
initial adsorption of TrOC decreases the further adsorption capacity of the membrane
polymer over time. Thus, the convective and diffusive transport of hydrophobic
TrOC through the membrane becomes enhanced, which leads to a gradual decrease
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in hydrophobic TrOC rejection with filtration time [60, 61, 82-84]. The adsorption
rate of hydrophobic TrOC also depends on their size. It has been observed that in
particular hydrophobic TrOC smaller than the membrane pore size have an increased
transport rate through the membrane [62, 84]. Van der Bruggen et al. [85] reported
that the adsorption of compounds with the same size as the pore size can result in
membrane pore blocking.
3.3

Membrane fouling

Fouling is an inherent phenomenon in all membrane filtration processes. Membrane
fouling is caused by the deposition of insoluble materials to the membrane surface or
adsorption of dissolved substances to the membrane pores leading to a flux decline
and/or an increase in the required applied pressure. Fouling reduces the economic
viability of the membrane system and thus it is considered to be a major drawback of
the process [55].
Membrane fouling is a complex process as its type and severity depends on a number
of factors including feed water temperature, solute concentration, pH, ionic strength,
chemical peculiarities and the membrane morphology [55, 61]. In addition, it has
been reported that essential periodic chemical cleaning to remove these foulants from
the membrane surface can also affect the membrane fouling behaviour in the long
term through alteration or damage to the membrane [86]. There are broadly four
types of membrane fouling:


Organic fouling



Inorganic fouling or scaling



Colloidal fouling



Biological
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The additional resistances caused by fouling can be reversible (Rrf) or irreversible
(Rif) depending on the extent of flux restoration following chemical cleaning.
Generally, the permeate flux decline during filtration is a product of both
concentration polarisation and fouling (Figure 3.6). The development of the
membrane flux (Jv) in full-scale application can be mathematically described with
the resistance-in-series model from Darcy‘s law (Figure 3.6).

Jv 

P
  ( R f  Rm )

Eq. 4

Where △P is the applied pressure, µ the viscosity, Rm the membrane resistance and Rf
the additional resistance caused by fouling. Here, Rf is a function of concentration
polarisation (Rcp), adsorption (Rad), reversible (Rrf) and irreversible (Rif,) membrane
fouling. Of these Rrf and Rif contribute significantly to the decline in membrane flux
in full-scale NF/RO applications [87].
The total membrane resistance (Rm) can be calculated by Eq.5:

Rm 

P
  Jv

Eq. 5
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Figure 3.6: Schematic diagram of the resistance-in-series model describing the
causes of permeate flux decline with various filtration resistances [87].
The flux decline during filtration can also be calculated as a function of the foulant
adsorption (Rad), the pore restriction (Rpr) and the additional cake layer resistance
(Rc) [88]. For this, the model described in Eq. 4 can be modified to Eq. 6.

Jv 

3.3.1

P
  ( Rad  R pr  Rc  Rm )

Eq. 6

Colloidal fouling

Colloidal fouling is a prevalent form of membrane fouling, and its interaction with
the membrane dominates the fouling process. Colloids include fine suspended
particles such as clays, silicon oxide, metal oxides, aggregated natural and synthetic
macro-organic molecules or microorganisms [59]. A colloidal fouling layer in its
pure form is usually very porous. Therefore, the flux decline due to colloidal fouling
is usually small. However, the high "diffusion tortuosity" of a colloidal fouling layer
can hinder solute back diffusion to the bulk solution and thus, solutes can accumulate
within the fouling layer. This phenomenon is known as cake-enhanced concentration
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polarisation (CECP) and can result in a significant decrease in solute rejection by
NF/RO membranes.

3.3.2

Organic fouling

Organic fouling is caused by the deposition or adsorption of organic substances, such
as natural organic matter (NOM), humic acids, fulvic acids, transparent
exopolymeric particles, soluble microbial products, polysaccharides, protein, organic
colloids, carbohydrate and other organic matter to the membrane surface or pores.
Organic substances are ubiquitous in the aquatic environment and natural water. The
composition of the organic fraction depends on the water source; however, the main
fraction can be considered as humic acids [59]. These substances contain both
carboxylic (60 to 90% of all functional groups) and phenolic groups. As a result,
humic acids are usually negatively charged in the natural aquatic environment [89,
90] but the charge can vary greatly depending on the solution chemistry [91]. At a
high pH and low ionic strength, an organic fouling layer is usually quite loose, while
the opposite occurs at a low pH and high ionic strength. For instance, below pH 4,
humic acid particles have a reduced size and negative charge and can more easily
enter the membrane pores [59]. The largest fraction of organic foulants in the aquatic
environment is usually hydrophobic and membrane fouling by hydrophobic organics
has been reported to be responsible for the majority of any permeate flux decline
[92]. In general, the hydrophobicity of organic foulants increases with increasing
particle MW [90]. The presence of divalent cations, such as Ca2+, can dramatically
aggravate the impact of organic fouling on the membrane performance by bridging
organic molecules [17, 93-95]. Rough, more open and less negatively charged
membranes are more prone to organic fouling due to a larger surface area, enhanced
pore plugging and a lower charge repulsion of organic molecules, respectively [81,
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92]. The severity of organic fouling on the membrane surface also depends on the
operating conditions. It has been observed that membranes operating under high
permeate flux and/or pressure conditions experience severe organic fouling due to a
higher transport rate of organic foulants to the membrane surface and a more
compressed fouling layer [90].

3.3.3

Inorganic fouling

Membrane scaling (or inorganic fouling) is caused by the deposition of sparingly
soluble salts, such as BaSO4, CaSO4, and CaCO3, on the membrane surface when
they are concentrated beyond their solubility limit due to the concentration
polarisation phenomenon [59]. Membrane scaling can be hard to eliminate. In
addition, membrane scaling can physically damage the membranes because some
inorganic minerals such as SrSO4 and CaSO4 form sharp crystals, which can damage
the membrane surface [6, 96]. There are two possible mechanisms for membrane
scaling formation: (1) homogeneous crystallisation and (2) heterogeneous
crystallisation. The former is the formation of mineral crystals in the bulk solution
and their subsequent deposition on the membrane surface [97]. The second
mechanism is the direct mineral crystallisation on the membrane surface [98]. The
crystallisation itself happens in two stages: nucleation and crystal growth in a
supersaturated solution. Several factors can increase the risk of membrane scaling,
such as low temperature, pressure, pH and cross-flow velocity. It has been reported
that deposition of cations, such as Ca2+, K+, Na+, Mg2+, can increase the membrane‘s
net positive charge, which subsequently increases the risk of membrane fouling by
negatively charged organic matter [61, 99].
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3.3.4

Biofouling

Biofouling is the dynamic accumulation and growth of bacteria, fungi and eukaryote
microorganism on the membrane surface due to a concentration of nutrients [59].
The layer of microorganisms is very porous, however, extracellular substances can
contribute to the layer density, resulting in a severe flux decline [100]. It has also
been observed that biofouling can aggravate membrane scaling, particularly by
carbonates and silicates [59]. Biofouling can be controlled by removing degradable
organic substances and/or by adding biocide reagents, such as chlorine, to the feed
stream.

3.3.5

Fouling in full-scale applications

The type of fouling that appears in the membrane module depends on the module
arrangement. Organic fouling usually occurs in the lead membrane module while
inorganic scaling usually occurs in the last membrane module. This is because of the
high amount of organic foulant and sparingly soluble salt concentrations in the first
and last membrane vessel, respectively. On the other hand, biofouling has been
observed to appear throughout the filtration stages; however, it occurs in the lead
element most rapidly [59]. Table 3.1 shows the various types of foulants and their
most likely occurrence in a multi-stage filtration setup.
Table 3.1: Membrane fouling in a multistage filtration system [59].
Type of foulant
Scaling/silica
Metal oxides
Colloidal fouling
Organic fouling
Biofouling (rapid)
Biofouling (slow)

Most vulnerable stages of NF/RO systems
Last element in last stage
First element of first stage
First element of first stage
First element of first stage
First element of first stage
Throughout the whole installation
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3.3.6

Techniques to limit membrane fouling

Common techniques to minimise fouling in NF/RO applications can be divided into
two main categories: (1) pre-treatment and (2) chemical cleaning (Figure 3.7). The
former includes the pre-treatment of feed water and modifications of the membrane
surface properties. The latter consists of techniques to remediate membrane fouling
such as chemical cleaning [59], which will be further described in a later part of this
chapter.
The method of pre-treatment depends on the feed water chemistry. Larger particles,
such as, colloids, suspended particles and microbes, can be effectively removed by
UF, MF and sandfiltration. The efficiency of the feed pre-filtration can be further
improved by the introduction of coagulation aids. Other pre-treatment methods
include adjustments of the feed pH and/or the addition of scale inhibitors to reduce
the risk of membrane scaling. In addition, the modification of the membrane surface
(i.e. charge and hydrophobicity) can reduce foulant-membrane interactions.
However, no pre-treatment method can completely prevent the membranes becoming
fouled in full-scale applications. Thus, chemical cleaning has to be periodically
employed to mitigate foulant depositions.

- 30 -

Chapter 3 Membrane fouling and chemical cleaning and their influence on TrOC rejection

Figure 3.7: Methods for feed pre-treatment.
3.3.7

Effect of membrane fouling on solute rejection

Membrane fouling does not only reduce the water permeability of the membranes,
but it also compromises the solute rejection by four distinctive mechanisms (Figure
3.8). These are:
1. Membrane pore blocking
2. Cake-enhanced concentration polarisation (CECP)
3. Variation in the membrane charge
4. Modifications of the surface hydrophobicity
The observed variation in the solute rejection caused by membrane fouling is usually
a simultaneous function of all four mechanisms. Whether the solute rejection by the
fouled membrane remains stable, increases or decreases depends on the consistency
and chemistry of the fouling layer, feed water chemistry, and the physicochemical
properties of the solutes and membranes [61].
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The deposition of fouling material on the membrane surface can lead to pore
blocking, which can occur as complete pore blocking (blocking a pore by a particle
with approximately the same size), intermediate pore blocking (incomplete pore
blocking) or standard pore blocking (internal pore constriction) [101]. In general, the
blocking of the membrane pores can increase solute rejection, because it increases
the steric hindrance of solutes passing through the membrane. In addition, the fouling
layer can act as a secondary filtration layer [10, 91, 102-105]. On the other hand, a
porous fouling layer can enhance the ―diffusive tortuosity‖ of solutes near the
membrane surface. Consequently, the enhanced solute concentration gradient and the
trans-membrane osmotic pressure of the membrane can lead to decreased solute
rejection by NF/RO membranes [10, 52, 102, 103, 106-108]. Membrane fouling can
also modify the membrane surface properties such as charge and hydrophobicity. It
has been reported that membrane fouling can neutralise, decrease or increase the
membrane charge, which subsequently can cause variations in the electrostatic
solute-membrane interaction [52, 67, 108]. The deposition of organic foulants can
render the membrane surface more hydrophilic or hydrophobic, which can alter the
hydrophobic solute-membrane interaction by interrupting the diffusion of solutes
through the membrane [81]. In addition, the adsorption of negatively charged
foulants to the membrane surface can cause membrane swelling, which can
compromise the MWCO of the membrane [108, 109].
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Figure 3.8: Solute rejection mechanisms caused by membrane fouling: (1)
membrane pore blocking, (2) CECP, change in (3) charge and (4) hydrophobic
interaction.
Some of the most important studies to date on the impact of membrane fouling on the
rejection of inorganic and organic solutes are summarised below (Table 3.2). It
should be noted that overall, a wide range of filtration conditions, background
chemistries, membrane types and foulants have been used in the literature to
elucidate the impact of fouling on the rejection of inorganic and organic solutes of
various physicochemical properties. As a result, the findings of these studies are
sometimes inconsistent.
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Table 3.2: Overview of studies investigating the impact of membrane fouling on solute rejection.
Foulant

Type of
solutes
Organic

Organic fouling
(e.g. humic acid, NOM, alginate, bovine
serum albumin)

Solute category
TrOC (PhAC, EDC, herbicides, perfluorochemicals,
N-nitrosamines)
NOM, humic acid, bovine serum albumin, colour
Chloride, sufate

Inorganic

Salt
Boron
TrOC
Salt
Boron

Organic
Inorganic fouling (scaling)

Inorganic
Organic

TrOC (PhAC, EDC)
Sugars (xylose)

Colloidal fouling

Salt

Inorganic
Organic
Biofouling
Inorganic
Combined fouling (e.g. surface water,
sewage)

Organic
Inorganic

Boron
TrOC
TOCs
Salt
Boron
TrOC (PhAC, plastic additives, herbicides, disinfection
by-products, N-nitrosamines)
Salt
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Type of
membrane

Reference

[10, 52-54, 67, 81, 91, 99,
102-104, 107, 110-120]
RO/NF/MF/UF [93, 94, 108, 121-126]
NF
[125]
[10, 52, 93, 94, 102, 107,
NF/RO
108, 125, 127-133]
NF/RO
[128]
NF
[99, 134]
NF
[128, 134]
NF/RO
[128]
[52, 53, 81, 102, 107,
RO
135]
RO
[136]
[52, 93, 102, 106, 107,
NF/RO
128, 130, 135-138]
NF/RO
[128]
NF
[139]
MF/NF
[140, 141]
NF/RO
[141, 142]
NF/RO
[100]
UF/NF/RO

NF/RO

[9, 52, 54, 109, 118, 134]

NF

[52, 143]
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3.3.7.1 Impact of organic fouling on solute rejection
Inorganic solutes
Organic fouling of NF/RO membranes has been shown to predominantly affect the
inorganic solute rejection due to pore blocking or CECP [10, 52, 94, 102, 107, 108,
125, 128-130]. Whether organic membrane fouling increases or decreases the
inorganic solute rejection seems to depend on the membrane polymer, the chemistry
and the porosity of the fouling layer. For instance, it has been observed that organic
fouling of loose NF membranes can increase the salt rejection due to pore blocking;
whereas the same fouling caused smaller variations in salt rejection by tighter NF
membranes [10]. Similarly, Tu et al. [128] observed that CECP decreased the
rejection of boron and salts on alginate fouled NF/RO membranes; whereas pore
blocking resulted in the opposite trend when the membranes were fouled by humic
acid. Nghiem et al. [10, 102, 107] observed that the decrease in salt rejection by
fouled NF membranes was most noticeable in a caustic environment. By contrast,
Childress et al. [133] investigated humic acid fouling of NF membranes and the
authors reported a discernible increase in the salt rejection at a low filtration pH.
Not all researchers attributed the variations in the salt rejection due to organic fouling
to CECP or pore blocking. Kim et al. [130] suggested a ―cake-reduced concentration
polarisation‖ on alginate and humic acid fouled RO membranes, which hindered the
convective salt passage through the membrane. Other studies [52, 131] have
hypothesised that the increase in salt rejection by NOM fouled NF membranes was
due to an increase in the negative membrane charge and/or due to the fouling layer
acting as an additional filtration barrier.
Studies have shown that an increase in the feed salt concentration can amplify the
impact of organic fouling on the separation of salt [93, 94]. This phenomenon has
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been particularly observed in the presence of calcium and been attributed to CECP
and/or reduced Donnan-exclusion. Other researchers [127] reported that membrane
fouling by humic acid enlarged the wider aggregate pores of NF/RO membranes,
which resulted in a reduction of the salt rejection.
Hydrophilic TrOC
The effect of organic membrane fouling on hydrophilic neutral TrOC rejection has
been reported to be a function of the membrane pore size, the compounds MW and
shape, as well as the porosity and the chemistry of the fouling layer [10, 99, 102-104,
115, 117]. Organic fouling has been observed to improve the rejection of larger and
hydrophilic TrOC ("large" in relationship to the pore diameter of the membrane) due
to membrane pore blocking [10, 91]. However, humic acid and alginate membrane
fouling can also decrease the rejection of hydrophilic neutral TrOC by NF
membranes due to CECP [112, 116].
Results published by Yangali-Quintanilla et al. [103] have shown that alginate
fouling of NF membranes could increase or decrease the rejection of large or low
MW TrOC due to pore restriction or CECP, respectively. Similarly, another study
[117] reported that the decrease in the rejection of larger MW N-nitrosamines by
alginate-fouled RO membranes due to CECP is not as significant than those with a
lower MW. Fujioka and co-workers [118] observed that organic fouling of NF
membranes increased the rejection of N-nitrosamines due to pore restriction; whereas
the same fouling caused smaller variations on rejection by RO. In separate studies
[104, 119], the decrease in the rejection of hydrophilic neutral TrOC due to CECP
has been observed to be particularly significant when the organic fouling layer
contains a high concentration of cations such as Ca2+.
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Organic membrane fouling can also alter the charge repulsion of charged
compounds. The charge repulsion of negatively charged TrOC by organic fouled
NF/RO membranes has been observed to increase due to the increase of the negative
membrane charge. By contrast, positively charged TrOC rejection has been observed
to decrease under the same conditions [52, 67, 120]. However, a high concentration
of divalent cations, such as Ca2+, in the fouling layer may cause the opposite trend
[67, 114].
Hydrophobic TrOC rejection
It appears that organic membrane fouling can increase the rejection of hydrophobic
TrOC by disrupting the diffusive transport of these solutes through the membrane
[81, 91, 102, 110]. In contrast, the opposite trend has been observed when the fouling
layer reduced the membrane surface hydrophobicity [52]. Other studies [99, 112]
have reported that unlike hydrophilic TrOC rejection, organic fouling of NF/RO
membranes caused only insignificant variations on hydrophobic TrOC rejection due
to their constant adsorption to the fouling layer. The effect of humic acid fouling on
hydrophobic TrOC rejection by NF has also been observed to be a function of the
calcium concentration in the feed solution [91].
Hydrophobic TrOC can complex with hydrophobic organic foulant particles, such as
humic-acids. Thus, the rejection of these TrOC-foulant particles by NF can increase,
since these complexes are better rejected by size exclusion [113, 115]. However, this
removal mechanism depends on the concentration of calcium in the feed, which can
disrupt the complexion mechanism [115].
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3.3.7.2 Impact of colloidal fouling on solute rejection
Inorganic solute rejection
A fouling layer in a colloidal form can cause a severe decrease in the salt rejection
due to CECP. CECP of salts on the membrane surface has been observed to be
significant when the colloidal fouling layer is thick, the membrane pores large and
the wall-shear rate low (i.e. low cross-flow velocity) [135, 136]. For instance, it has
been reported that NF membranes fouled by silica colloids can lose their salt
rejection up to 50% due to CECP [102, 107].
However, other authors [93, 137] have hypothesised that the severe decrease in salt
rejection of colloidally fouled NF/RO membranes is also influenced by variations in
the membrane charge. These variations in the surface charge can be caused by the
salt accumulation due to CECP on the membrane surface (Donnan effect). In
addition, the same authors have observed that the feed salt concentration can promote
the accumulation of colloids on the membrane surface.
Hydrophilic TrOC rejection
Among all types of fouling, colloidal fouling can result in the most severe decrease
in the rejection of hydrophilic TrOC [52, 102, 107]. This phenomenon has generally
been explained by the high porosity of the colloidal fouling layer, causing significant
CECP. In fact, the decrease in the rejection of low MW and hydrophilic neutral
TrOC by colloidally fouled membrane has been reported to be as significant as that
of inorganic salt [135, 136].
It has been shown that the variations in the TrOC rejection due to CECP is, apart
from the properties of the colloidal layer, a function of the membrane porosity and
MW of the TrOC [102, 107, 136]. Consequently, the variation in TrOC rejection by
colloidally fouled NF/RO membranes is likely to be a function of the background
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chemistry, since the shape of TrOC (length and width) can vary with the background
pH. The decrease in the rejection of hydrophilic TrOC has been observed to become
less significant with increasing wall-share rate (i.e. high cross-flow velocity) [135,
136].
The impact of colloidal fouling on the rejection of charged TrOC seems to depend on
the charge of the fouling layer. For example, the rejection of negatively charged
TrOC has been observed to decrease on silica fouled NF/RO membranes due to
CECP [102, 107]. On the other hand, results published by Verliefde et al. [52] have
shown that the rejection of negatively charged TrOC by NF increased by colloidal
fouled NF membranes; whereas positively charged TrOC rejection decreased due to
enhanced charge attraction. In the latter case, the colloidal fouling layer was
generated by anionic ion-exchange resin effluent.
Hydrophobic TrOC rejection
Membrane fouling by colloids can decrease the hydrophobic TrOC rejection, which
has been explained in the literature by the interruption of the hydrophobic TrOCmembrane interactions. For instance, while colloidal fouling (by anionic ionexchange resin effluent) of NF membranes has been observed to cause a significant
decrease in the rejection of hydrophilic TrOC, variations in the rejection of
hydrophobic TrOC were marginal [52]. Similar conclusions were also made by other
studies [81, 102]. However, a study undertaken by Ng and Elimelech [135] has
shown the opposite trend. In this investigation, silica colloidal fouling of an RO
membrane led to a significant decrease in hydrophobic TrOC rejection, which is
believed to be caused by enhanced adsorption-desorption rate of hydrophobic TrOC
through the membrane.
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3.3.7.3 Impact of biofouling on solute rejection
The growth of biofilm can decrease inorganic solute rejection [100, 142]. It has been
reported by Huertas et al. [100] that biofouling decreased the boron rejection by RO
up to 45% due to CECP. However, another study by Ivnitsky et al. [141] observed
that biofouling increased the salt rejection by NF up to 70%, but the rejection of
organic foulants remained constant. In the latter study, the authors assumed that the
biofilm acted as an additional filtration layer.
It has been observed that the rejection of positively charged TrOC by biofouled NF
membranes increased, whereas the rejection of neutral or negatively charged TrOC
by the same membrane remained stable [139]. The authors of this latter study have
hypothesised that positively charged TrOC accumulated within the negatively
charged fouling layer.
3.3.7.4 Impact of inorganic fouling on solute rejection
The impact of membrane scaling depends on the crystal size, since smaller crystals
(by CaCl2) have been observed to cause CECP and thus, in significant decreased salt
rejection [134]. In addition, the crystallisation of inorganic substances on the
membrane surface can result in a significant decline in the membrane flux, which
might also affect the salt rejection [134]. Another study [128] has shown that
membrane scaling by CaSO4 decreased boron rejection by NF/RO membranes due to
charge neutralisation and CECP; whereas conductivity rejection increased.
In case of TrOC rejection, it has been reported that membrane scaling by CaCO3
decreased the rejection of neutral TrOC by NF; whereas the rejection of negatively
charged TrOC increased [134]. Another study [99] has reported that, unlike organic
fouling, membrane scaling caused insignificant variations in hydrophobic TrOC
rejection by NF/RO filtration.
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3.3.7.5 Impact of combined fouling on solute rejection
Inorganic solute rejection
Verliefde et al. [52] studied the salt rejection of NF membranes fouled with either
NOM, colloids (anionic ion-exchange resin effluent) or a combination of both types
of membrane fouling. While NOM fouling was observed to increase the salt
rejection, colloidal and a combination of NOM/colloids led to a decrease in salt
rejection. The authors [52] have reported that the obtained variations in salt rejection
were in agreement with the variations in the surface charge of the fouled NF
membrane. Another study [143] reported that a foulant cocktail of alginate, bovine
serum albumin, NOM, and octanoic acid increased the ion rejection by RO.

Meier and Melin [125] monitored the impact of membrane fouling by pre-filtered
sewage on solute nanofiltration over a long period. These authors observed that the
rejection of sulfate, chloride, color, and salt increased in the first 300 hours of
filtration. Subsequently, the impact of fouling on rejection became insignificant,
although the flux decline due to membrane fouling continued.
TrOC rejection
Verliefde et al. [52] observed that the decrease in TrOC rejection by NF caused by a
fouling layer consisting of NOM plus colloids was similar to that caused by NOM
fouling alone, although both fouling layers differed considerable in their
composition, charge and hydrophobicity.
It has been shown that a fouling layer of inorganic crystals and humic acid decreased
the TrOC rejection by NF due to significant CECP [134]. Other researchers [144]
observed that NF membranes fouled by surface water showed no variations in the
rejection of hydrophilic neutral TrOC. On the other hand, a study carried out on
landfill leachate fouled NF membranes found that the rejection of large MW and
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neutral TrOC decreased due to a higher adsorption-diffusion rate. The opposite trend
occurred when the same fouled membrane was used to filter low MW and neutral
TrOC [9]. Similarly, Bellona and co-workers [54] demonstrated that the rejection of
several TrOC by secondary treated effluent fouled loose NF membranes decreased
due to CECP; whereas the same fouling matter improved TrOC rejection by tighter
NF membranes due to pore restriction.
3.4

Chemical cleaning

Fouling of NF/RO membranes necessitates regular chemical cleaning procedures.
For instance, it has been reported that desalination plants are never 100% operable
due to frequent cleaning activities [59]. Chemical cleaning of NF/RO membranes is
usually carried out when (1) the permeate flux decline due to membrane fouling has
reached 10%, (2) the pressure drop across the membrane has increased by 15–50%,
or (3) the applied pressure by 10% [145]. The cleaning process can be divided into
three steps [18]. First, the cleaning reagent is delivered to the fouling layer (Figure
3.9a). Subsequently the reagent reacts with the fouling-layer e.g. by peptisation,
hydrolyses saponification, dispersion, chelation and solubilisation (Figure 3.9b).
Finally, the foulants are transported from the membrane surface into the bulk
solution (Figure 3.9c). Therefore, a chemical cleaning process involves both physical
and chemical interactions with the foulants [146].
Membrane surface modifications, such as charge and/or hydrophobicity can support
the cleaning process. In addition, chemical cleaning at elevated solution temperatures
can enhance chemical reactions, transport processes and mineral solubilisation [147,
148].
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Figure 3.9: Chemical cleaning.
3.4.1

Cleaning reagents

Cleaning chemicals can be classified into six categories: alkalis, acids, chelating
reagents, surfactants, oxidising reagents and enzymes (Table 3.3). Organic fouling is
usually treated with alkalis, such as sodium hydroxide (NaOH), often in combination
with chelating and surfactants, such as ethylenediaminetetraacetic acid (EDTA) and
sodium dodecyl sulfate (SDS). Acids, such as hydrochloric acid (HCl), can remove
membrane scaling [59]. Oxidisers, such as chlorine, can oxidise organic foulants and
prevent the growth of biofilm. Other cleaning regimes can involve enzymes to
eliminate proteins and fats.
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Table 3.3: Common chemical cleaning reagents.

Group of
chemicals

Chemicals
(selection)

Target
foulants

NaOH

Organic
fouling

HCl, Citric
acid, nitric
acid (HNO 3 )

Inorganic
fouling

SDS

Organic
fouling

Metal
chelating
reagents

Citric acid,
EDTA,
trisodium
phosphate,
sodium tripolyphosphate

Organic
fouling

Oxidisers

Chlorine

Enzymes

Proteases,
lipases

Alkalis

Acids

Surfactants

Organicand
biofouling
Proteins
and fats

Foulant removal
mechanisms
Improves
electrostatic
repulsion of
organic foulants,
opens organic
fouling layers,
emulsifies fats and
oils, hydrolyses
proteins and
polysaccharides
Increases the
solubility of
inorganic matter
Decreases the
membrane
hydrophobicity,
increases the
membrane negative
charge, breaks
intermolecular
bridges in organic
fouling layers
Forms complexes
with divalent
cations, breaks
intermolecular
bridges in organic
fouling layers
Prohibits biological
activity, oxidises
organic substances
Hydrolyses proteins
and lipids

Typical
range of
cleaning
strength/pH

Between pH
10 to 12

Between pH
1 to 3

Above 8.36
mM [59]

Between
1 and 10
mM (EDTA)
[149-151]
‒
‒

3.4.1.1 Caustic and acidic reagents
Alkaline reagents are used to remove organic fouling from the membrane surface and
to recover the flux. At a high pH (above pH 9), the negative charge of both the
polyamide membranes and organic foulants increases due to the deprotonation of
their functional groups. This results in enhanced charge repulsion of negatively
charged organic foulants from the membrane surface. Furthermore, in an alkaline
environment, fats and oils are emulsified; whereas proteins and polysaccharides are
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hydrolysed. Caustic cleaning, such as with NaOH, is most effective at temperatures
above 50 °C [152]. On the other hand, mineral acids such as HCl can increase the
solubility of salts that could cause scaling [59]. Furthermore, some organic acids,
such as citric acid, have strong chelating abilities and can remove organo-metallic
foulants from the membrane surface [18].
3.4.1.2 Surfactants and metal chelating reagents
Surfactants can support the removal of organic foulants by solubilising and
emulsifying

them.

Furthermore,

surfactants

can

prevent

the

growth

of

microorganisms [152]. Common surfactants, such as SDS, can restore the membrane
flux by reducing the membrane surface tension. Furthermore, SDS has been reported
to break intermolecular cation-foulant bridges when SDS concentration exceeds the
critical micelle concentration (which is 8.36 mM at 20 °C [153]) [59]. SDS cleaning
of organic fouled membranes has been reported to be more effective in combination
with a caustic reagent (higher pH ranges) [154, 155].
Metal chelating reagents, such as EDTA, can complex divalent cations (i.e. Ca2+) that
can significantly amplify organic fouling by cross-linking the foulant molecules.
EDTA is particularly effective in an alkaline environment (i.e. above pH 10.3) due to
protonation of all functional groups (pKa values of EDTA are 1.99, 2.67, 6.16, and
10.26 [149]), which enhances the ligand-exchange reactions with multivalent cations
[149]. Due to its strong chelating ability, EDTA can also bind divalent cations in the
feed water, which could affect the Donnan exclusion and therefore the solute
rejection by NF/RO.
3.4.1.3 Chlorine
Hypochlorite is the most common oxidant used for chemical cleaning. Hypochlorite
can break-down functional groups of organic foulants to ketones, aldehyde and
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carboxylic groups, making their hydrolysis easier in high pH [18]. Consequently,
membrane cleaning with hypochlorite is in particularly effective at high pH (i.e.
above pH 10) [90, 156, 157]. In addition, in a caustic environment organic fouling
layers are more open as discussed before, which makes soaking the fouling layer
more effectively with chlorine [18]. It has been reported that free chlorine influences
the oxidation of organic colloids, while the soaking time affects the diffusion of the
organics from the membrane surface [158]. Moreover, the oxidising of organics can
increase their hydrophilicity, which lowers their hydrophobic interaction with the
membrane surface [77]. However, chlorine cannot be used as a universal cleaning
reagent because most NF/RO membranes (i.e. polyamide, polypropylene) are subject
to oxidation by chlorine [18].
3.4.1.4 Enzymes
Chemical cleaning with enzymes (usually with proteases) is carried out when the
membrane is sensitive to extreme pH ranges (i.e. above pH 10) and/or predominantly
fouled by proteins and/or fats (i.e. food processes). Advantages of chemical cleaning
with enzymes in comparison to conventional acidic or alkali cleaning are: (1) lower
energy demand, (2) less aggressive cleaning conditions and (3) high biodegradation
of the cleaning generated waste. However, enzymes are expensive and generally
sensitive to changes in solution temperature, pH and certain chemicals such as
surfactants, which limits their application in the industry [152]. Consequently,
membrane cleaning with enzymes is not usually conducted in water recycling
applications.
3.4.1.5 Cleaning formulations
In general and as mentioned before, caustic cleaning, which further incorporates
surfactants and/or metal chelating reagents, can remove organic foulants more
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efficiently than when these reagents are used individually [16, 17, 95, 125, 145, 147,
148, 159]. Therefore, commercially available membrane cleaners often contain a
combination of several active reagents. For example, the commercial cleaning
formulation P3 Ultrasil 11 (Ecolab, St. Paul, Minnesota, USA) contains sodium
hydroxide (ca. 44 wt.%), tetra sodium salt of EDTA ( > 30 wt.%), anionic surfactants
( < 5 wt.%), non-ionic surfactants ( < 5 wt.%) [159]. However, it has also been
reported that certain combinations of cleaning reagents, such as EDTA plus SDS, can
cause competing cleaning mechanisms, reducing the cleaning effectiveness of each
reagent [160].

3.4.2

Cleaning procedure

The chemical cleaning of NF/RO membrane elements can be carried out by keeping
the membrane element in place (CIP), or out of place (COP). The latter allows a
more intensive and more effective cleaning procedure. It is, however, more costly.
The cleaning procedure involves flushing the membrane module several times with
the cleaning solution. In between and/or at the end of the cleaning process, the
modules are rinsed with pure water to remove detached foulants and chemical
residues. During flushing, the cleaning solution is pushed through the module at a
high cross-flow velocity (high wall-shear rate) to rinse foulants from the membrane
surface. Usually, the trans-membrane pressure is kept low so that no or little
permeate is produced and to avoid the resettlement of previously detached foulants
[161]. In full-scale applications, the cleaning efficiency is estimated by comparing
the clean membrane flux to the virgin membrane flux. However, it has been reported
that the measuring of the post cleaning flux may not be a suitable indicator of the
membrane surface condition, since irreversible fouling and adsorbed cleaning
reagents can both influence the membrane flux simultaneously [159, 162].
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3.4.3

Cleaning duration

There is no uniform recommendation for how long a membrane has to be cleaned
since the efficiency of chemical cleaning depends on the nature and cleaning power
of the cleaning reagents, the membrane material, the hydrodynamic condition and the
type and severity of fouling. Membrane manufacturers often provide guidelines
regarding the recommended cleaning conditions and the cleaning duration. For
instance, DOW Filmtec recommends soaking the membrane modules for 1 to 15
hours, depending on the severity of the fouling, followed by re-circulation of the
cleaning solution for up to 1 hour [161].

3.4.4

Cleaning frequency

An approximate estimation of the cleaning frequency is given by the silt density
index (SDI) of the feed water [163]. The SDI is calculated from the blocking time of
a defined micro filter at 2 bar and indicates the plugging of the membrane in percent
per minute. The filter used to determine the SDI index is required to have a pore
diameter of 0.45 µm and an area of 1350 mm2 [77]. The SDI value of the feed water
can be calculated using Eq. 7:

SDIT 

plugging factor

T

(1 

t0
)  100
t15
T

Eq. 7

In Eq 7, to is the initial time in minutes required to collect a 500 mL sample, t15 the
time to collect a 500 mL sample after 15 minutes, and T is the total test time in
minutes. For waters with high SDI values, measuring intervals at 5 (t5) and 10 minute
(t10) are usually recommended. Table 3.4 shows the cleaning frequency as a function
of the SDI. According to the membrane manufacturer DOW, the cleaning frequency
of NF/RO membranes can be up to 4 times per year at an SDI of < 3, whereas, this
value can double at an SDI value of 5 [164].
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Table 3.4: Cleaning frequency as a function of the SDI index [163].
SDI value
SDI < 1
SDI < 3
SDI 3 to 5
SDI > 5

3.4.5

Cleaning frequency
Several years of operation without colloidal fouling
Several months between cleaning
Particulate fouling likely a problem, frequent cleaning
Unacceptable, additional pre-treatment is needed

Impact of chemical cleaning on membrane properties and rejection

Periodic chemical cleaning is usually carried out to restore the performance of
NF/RO membranes. Because of the aggressive nature of most cleaning reagents,
damage to the membrane can appear over time [44]. However, in comparison to
membrane fouling, few studies have focused on the impact of chemical cleaning on
membrane properties and separation efficiency to date [18]. The reported variation in
the properties and solute rejection of NF/RO membranes, caused by chemical
cleaning, are shown in Table 3.5 and Table 3.6, respectively.
Overall, the impact of chemical cleaning on the membrane properties appears to be a
complex function of the membrane integrity, nature and strength of the cleaning
solution, duration of exposure, frequency and the cleaning conditions such as crossflow velocity, pressure and temperature. Consequently, outcomes from these
investigations are quite variable and often inconsistent.
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Table 3.5: Reported changes in membrane properties due to chemical cleaning by NF/RO membranes (Table continues on page 49).
Cleaning
reagent
Caustic
cleaning
reagents
(i.e. NaOH)

Membrane
properties

Type of membrane

Charge

NF

Hydrophobicity

NF
NF/RO
NF

Permeability

Charge
Acidic cleaning
reagents
Hydrophobicity
(i.e. HCl, Citric
acid)
Permeability

Surfactants
(i.e. SDS)

Negatively
decreased
Decreased
Increased
Increased
Decreased

NF
RO
NF/RO

Charge

NF

Hydrophobicity

NF/RO

Permeability

Reported
effects
Negatively
decreased
Decreased
Increased
Decreased

Negatively
decreased
Increased
Decreased

NF/RO

Increased

NF

Decreased
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Proposed mechanisms

Reference




[162]



[16]
[17, 127, 165]
[16]



[162]




[16, 148]
[16]
[16, 17, 148]
[16]

Adsorption onto the membrane

[66, 162]

Change in pore size

Increased membrane porosity

Adsorption onto the membrane
Altered hydrophobicity and/or
increased membrane porosity
Decreased membrane porosity

[148]
[16, 148]
[66, 143, 148,
149]
[66, 133]
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Table 3.5: (continued)
Cleaning
reagent
Metal
chelating
reagents
(i.e. EDTA)

Oxidisers
(i.e. Chlorine)

Membrane
properties

Type of membrane
(polymer)

Reported
effects
Negatively
increased

Proposed mechanisms

Reference

Charge

NF

Adsorption/complexing with
membrane constituents

[17]

Hydrophobicity

NF

Decreased



[16]

Permeability

NF/RO

Increased

Variations in the membrane porosity
or altered hydrophobicity

[17, 143]

Charge

NF/RO

Negatively
increased

Enhanced chlorine concentration in
the membrane

[15, 166]

NF/RO

Increased

N-chlorination

[15, 167]

RO

Decreased

Unbalanced dipole moments,
chlorination of the membrane surface

[166, 167]

NF/RO

Increased

NF/RO

Decreased

Charge

NF

No effect

Hydrophobicity

NF

No effect

Permeability

NF/RO

Decreased

Hydrophobicity

Permeability

Elevated
cleaning
temperature
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[11, 12, 166,
Variations in the membrane porosity
168-178]
(polyamide chain rearrangements) or
[12, 15, 167,
altered hydrophobicity
176]



Decreased membrane porosity
(membrane hysteresis)

[162]
[162]
[179, 180]
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Table 3.6: Reported change on solute rejection due to chemical cleaning reagents and temperature by RO/ NF membranes (Table continues on
page 51).

Cleaning
Reagent

Type of the
contaminant

Inorganic

Name of
the contaminant
Boron

Reported
effects
Decreased

Proposed mechanisms

Reference



[181]
[16, 17, 179]

NF/RO

Decreased

Enhanced membrane hydrophilicity/
decreased membrane porosity

NF

Increased

Enhanced membrane hydrophilicity/

[16]

TrOC

NF

Decreased

Decreased membrane porosity

[144]

Total dissolved solids

RO

Increased



[182]

Salt

Caustic
Organic

Type of
membrane
RO

Acidic

Inorganic

Salt

NF/RO

Increased
Decreased

Increased membrane porosity
Decreased membrane porosity

[17, 179]
[16, 179]

Surfactants
(i.e. SDS)

Inorganic

Salt

NF

Increased

Enhanced membrane hydrophilicity

[16, 133]

Decreased

Complexion of EDTA to the membrane
polymer
(in high pH)

[17]

Metal chelating
reagents
(i.e. EDTA)

Inorganic

Salt

NF
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Table 3.6: (continued)
Cleaning
Reagent

Type of the
contaminant

Name of
the contaminant

Salt

Type of
membrane

Reported
effects

Proposed mechanisms

Decreased

Decreased membrane porosity (due to
the loss of polyamide cross-linking)

NF/RO

Decreased
Increased

Initial membrane tightening

[167]

Decreased

Decreased membrane porosity

[167]

Decreased membrane
hydrophobicity/Decreased membrane
porosity

[16, 17, 127]

Inorganic
RO

Chlorine
Arsenic

RO

TrOC

NF/RO

Organic
Polyethylene glycols
Cleaning reagent
mixtures/
commercial
cleaning
formulations
Elevated cleaning
temperature

[11, 12, 15, 168, 169,
171-173, 176-178,
183]
[12, 15, 166, 173,
177]

Initial membrane tightening/Increased
negative membrane charge
Initial membrane tightening/increased
negative membrane charge and
hydrophilicity
Decreased membrane porosity
Initial membrane tightening
Decreased membrane porosity
Initial membrane tightening/Increased
negative membrane charge
Decreased membrane porosity

Increased

Boron

Reference

Increased
Decreased
Increased
Decreased
Increased

[166, 167]
[167]
[167]
[167]
[15]
[15]

RO

Inorganic

Salt

NF

Decreased

Inorganic

Salt

NF/RO

Increased

Organic

Glucose

NF

Increased
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Membrane tightening due to hysteresis
effect
Membrane tightening due to hysteresis

[179, 180, 184]
[185]
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3.4.6

Impact of cleaning pH

3.4.6.1 Membrane properties
With increasing pH, functional groups (i.e. amide and carboxylic groups) on
polyamide membranes become deprotonated, which renders the membranes more
negatively charged as discussed before (Figure 3.3). The increase in the negative
membrane charge can swell the polymeric membrane skin layer, which has been
observed to increase the membrane permeability [66, 186]. A study [127], which
investigated the impact of caustic cleaning on the pore size distribution of several
NF/RO membranes, observed that the cleaning increased the membrane permeability
due to the opening of very small pores (i.e. opening of dead-end pores) and a shift of
the pore size distribution to larger pores. However, it has also been demonstrated
[16] that caustic cleaning caused no impact on the pore size of several NF
membranes. Unlike caustic cleaning, membrane cleaning with acidic reagents can
result in charge neutralisation of the polymeric skin layer, which can cause a decline
the membrane permeability [16, 59]. However, it has also been reported by several
other studies [17, 148] that acidic cleaning increased the membrane permeability.
Caustic or acidic cleaning reagents can cause an increase or decrease in the
membrane hydrophobicity, which seems to depend on the membrane material,
cleaning pH and reagent [16, 148, 187]. Tian et al. [187] observed that chemical
cleaning with NaOH increased the hydrophobicity of polyvinyl chloride membranes.
The authors hypothesized that NaOH can adsorb the aromatic ether or hydrolyse the
bond in para-position of the ether connection.
3.4.6.2 Solute rejection
Several studies [16, 17, 144, 179] have reported that caustic cleaning of NF/RO
membranes decreased the TrOC and salt rejection due to increased membrane
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porosity. However, an improved rejection of total dissolved solids by a caustic
cleaned RO membrane has also been shown [182].
Whether caustic or acidic cleaning increases or decreases the solute rejection seems
to depend on the structure and composition of the membrane as well as the nature of
the cleaning solution. For instance, it has been reported that an increased [17, 179] or
decreased [16, 179] rejection by NF/RO membranes occurred after acidic cleaning.
Nilsson et al. [179] suggested that depending on the membrane type, acidic or caustic
cleaning can increase or decrease salt (KCl) rejection. While these authors observed
that acidic cleaning decreased the salt rejection by aromatic membranes, salt
rejection increased for semi-aromatic polypiperazine membranes. Then again, caustic
cleaning produced the opposite trend [179]. Another study [16] reported that caustic
cleaning increased the rejection of monovalent ions (NaCl) by several NF
membranes; whereas the rejection of divalent ions (MgSO4) decreased. These
authors hypothesised that the rejection of salts can either increase due to increased
membrane hydrophilicity or decrease because of a change in the network crosslinking of the polyamide.
Other studies [17, 127], which have investigated the impact of caustic cleaning
formulations on solute rejection by NF/RO, have attributed the observed decrease in
the salt rejection to an increase of the membrane porosity.

3.4.7

Impact of chelating reagents and surfactants

3.4.7.1 Membrane properties
Metal chelating reagents and surfactants adsorb to the membrane polymer, which can
affect the membrane permeability, charge and hydrophobicity [17, 59]. The
interaction of SDS with the membrane surface depends on the membrane charge (i.e.
background solution pH) and their concentrations. For instance, when the membrane
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is negatively charged (i.e. pH 8), the adsorption of SDS is predominantly governed
by hydrophobic attraction (Figure 3.10). However, SDS can also adsorb to the
membrane surface through electrostatic attraction when the membrane is positively
charged [66].
Hydrophobic tail

Negatively charged
head

a)

Positively charged membrane

b)

Negatively charged membrane

Figure 3.10: Adsorption of SDS. a) charge attraction, b) hydrophobic attraction.
The adsorption of anionic surfactants to the membrane surface, such as SDS, can
reduce the negative membrane surface charge. On the other hand, the adsorption of
cationic

surfactants

to

the

membrane

surface,

such

as

dodecyl

trimethylammoniumbromide, can produce the opposite effect [66]. It has been
reported that the adsorption of SDS to the membrane surface resulted in a more
uniform charge versus pH and in the loss of the isoelectric point of the membrane
[162]. In addition, it has been demonstrated that the adsorption of SDS by
electrostatic attraction (i.e. when the membrane is positively charged) affected the
membrane charge more dramatically than when adsorbed at a high pH. Anionic
surfactants, such as SDS, can restore the membrane permeability by increasing its
wettability [16, 149]. However, the increase in the membrane permeability due to the
adsorption of SDS seems to depend on the solution pH, since Childress et al. [66,

- 56 -

Chapter 3 Membrane fouling and chemical cleaning and their influence on TrOC rejection

133] observed that the adsorption of SDS by charge attraction decreased the
membrane permeability.
Similarly, chemical cleaning with metal chelating reagents, such as EDTA, can
increase the permeability [17, 143] and negative charge [159] of polyamide
membranes. It has been reported that the increase in membrane permeability was
most notable when EDTA was completely deprotonated (i.e. above a cleaning pH of
10.3) [17, 143, 160]. Liikanen et al. [17] suggested that EDTA in its fully
deprotonated form can complex with some membrane constituents, which increases
the negative membrane charge and thus, swells the membrane polymer.
3.4.7.2 Solute rejection
Al-Amoudi et al. [16] reported that chemical cleaning with SDS increased the
rejection of NaCl by several polyamide NF membranes. They suggested that
increased membrane hydrophilicity resulted in enhanced water transport through the
membrane, which diluted the salt concentration on the permeate side of the
membrane. Childress et al. [133] reported that micelle formations of SDS on the
membrane surface decreased the salt rejection by NF. On the other hand, Liikanen et
al. [17] hypothesised that alkaline EDTA (above pH 11.3) can complex with some
membrane constituents, which opens the membrane polymer and thus, enhances the
passage of salts through the membrane. A similar trend was also reported by another
study [16], where chemical cleaning with a combination of metal chelating reagents
(i.e. trisodium phosphate, sodium tripolyphosphate and EDTA) reduced the salt
rejection of various NF membranes.
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3.4.8

Impact of oxidisers

3.4.8.1 Membrane properties
Polyamide membranes are highly vulnerable to oxidising reagents, such as chlorine.
Hence, it is usually recommended by manufacturers of polyamide membranes not to
exceed a free chlorine concentration of 0.1 ppm [188]. The use of chlorine at a low
pH is in particularly problematic since chlorine is then predominantly in the form of
the more aggressive HClO [12, 171, 173-175].
As shown in Figure 3.11, chlorine can damage polyamide membranes by
halogenation of their amide groups (N-chlorination) and subsequent ring-chlorination
(Orton rearrangement) [12, 183, 189]. In general, aromatic rings bonded to amide
groups are sensitive to chlorine attack because of their high electron density [183].
Indeed, it has been reported that N-chlorination is the predominant reaction of
chlorine on polyamide membranes [14]. Other authors [190] reported that the
chlorine degradation of membranes was due to the formation of hydroxyl radicals
and their subsequent chemical attack on the membrane polyamide. It has also been
reported that the change in the membrane performance due to chlorination was due to
the separation of the active skin from the polysulphone support layer [191].

Figure 3.11: Hypochlorite degradation mechanisms of membrane polyamide [12].
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Membrane chlorination can lead to the deformation and/or rearrangement of
polyamide chains in the skin layer, which consequently leads to a change in the
membrane performance [192]. Some authors have observed an increase in the
membrane permeability after chlorination [11, 168-170, 192, 193]. However, the
opposite has also been observed, which seems to depend on the chlorine
concentration, exposure time and the cleaning pH [12, 167]. Gu et al. [174] reported
that high filtration pressure aggravated the impact of chlorine on the membrane
permeability. In addition, the presence of bromide has also been observed to amplify
the impact of chlorine on the membrane permeability [175].
The chlorine concentration likely governs the impact in the membrane
hydrophobicity. N-chlorination at a low chlorine concentration has been reported to
increase the membrane hydrophobicity; whereas advanced membrane chlorination
decreased the hydrophobicity [167]. Membrane chlorination has also been observed
to increase the membrane charge negatively [15, 194]. Furthermore, changes in the
membrane surface roughness as a response to conformational rearrangements of
polyamide chains in the membrane skin layer have also been reported [15, 189].
3.4.8.2 Solute rejection
The impact of chlorine on the solute rejection by NF/RO is thought to depend on the
structure and composition of the membrane, the solution concentration, pH and the
duration of exposure [12, 15, 169]. Moderately chlorine damaged polyamide
membranes can show an increased solute rejection due to tighter membrane matrix
and increased negative surface charge [15]. According to this phenomenon, several
studies have proposed to consider moderate membrane chlorination as an
improvement of the membrane performance [166, 177]. However, extreme
chlorinated membranes can have a significantly decreased solute rejection due to the
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loss of the cross-linking of the membrane polyamide and/or the collapsing of the
polyamide skin layer at high operating pressures [12, 15, 173, 183]. Whether
membrane chlorination increases or decreases the solute rejection also depends on
the pH value of the chlorine solution. For example, a study [12] reported that
membrane chlorination caused no increase in solute rejection when the cleaning was
conducted below pH 7. Another study [15] observed that chlorine in particular
compromised the solute rejection of NF membranes; whereas the impact was less
dramatic for RO membranes.
It has been reported that the chlorination of NF/RO membranes resulted in
insignificant variations in the rejection of negatively charged TrOC, although the
negative membrane charge was increased. On the other hand, the same study
observed that the rejection of salts and neutral TrOC decreased under the same
filtration conditions [15].

3.4.9

Impact of cleaning temperature

3.4.9.1 Membrane properties
Elevated cleaning temperatures can amplify or compensate for the impact of
chemical cleaning on membrane performance. While the exposure of polyamide
membranes to solutions of high temperature swells the membrane polymer, the
subsequent decrease in the solution temperature can tighten the membrane matrix
more than its initial stage (membrane hysteresis) [185]. This phenomenon can
decrease the membrane permeability and solute transport through polyamide
membranes. In fact, one study [179] has observed that the performance of a NF
membrane changed in response to the elevated cleaning temperature, even though the
maximum recommended cleaning temperature was not exceeded. However, no
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impact on membrane charge and hydrophobicity has been reported due to elevated
cleaning temperatures alone [162].
3.4.9.2 Solute rejection
Mänttäri et al. [180] reported that the rejection of glucose increased due to
membrane tightening for a number of NF membranes after the feed temperature was
increased from 37 °C to 65 °C and then decreased back to 37 °C. In addition, the
authors reported that the increase in glucose rejection was in agreement with the
enhanced permeate flux. On the other hand, Nilsson et al. [179] reported that
depending on the used cleaning reagent, membrane type (i.e. NF or RO) and cleaning
temperature, the salt rejection could decrease, increase or remain stable. While the
decrease in the salt rejection due to elevated cleaning temperatures was only a little
when a caustic cleaning solution was used; the decrease in rejection aggravated when
an acidic solution was used.
3.5

Conclusion

This chapter has briefly summarised the technical background of pressure driven
membrane filtration processes and the rejection mechanisms of TrOC by NF/RO
membranes. The current literature on the impact of membrane fouling and of
chemical cleaning on TrOC rejection has been systematically reviewed. The rejection
efficiency of TrOC by NF/RO depends on the membrane characteristics (i.e. pore
size, charge and hydrophobicity) and the physicochemical properties of the TrOC
(i.e. charge, polarity and size). Both membrane fouling and chemical cleaning can
compromise the performance of NF/RO membranes and thus, the rejection efficiency
of TrOC. There are a considerable number of studies that have elucidated the impact
of fouling on the rejection of inorganic and organic solutes by NF/RO membranes to
date. By comparison, there has been much less research activity focusing on the
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impact of chemical cleaning (with the exemption of the oxidiser chlorine) on the
rejection of inorganic and organic solutes by NF/RO membranes. Consequently,
more research is necessary to understand the impact of chemical cleaning on TrOC
rejection, in order to improve and maintain a reliable TrOC rejection in full-scale
NF/RO applications.
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CHAPTER 4
4IMPACT OF THE CLEANING STRENTH ON THE NANOFILTRATION
OF TROC
This chapter has been published as:
Simon, A., Price, W.E., Nghiem, L.D. Effects of chemical cleaning on the nanofiltration of
pharmaceutically active compounds (PhACs). Separation and Purification Technology (2012)
Volume 88 Pages 208-215.
___________________________________________________________________________

4.1

Introduction

Chemical cleaning in NF applications is essential to recover the permeate flux. To
ensure effective cleaning without damaging the membrane, it is necessary to consider
the optimal use of chemicals, their concentrations, the time of exposure, temperature,
flow and pressure. Incorrect cleaning methodology can lead to ineffective flux
restoration, membrane deterioration, lower product water quality, significantly
shorter membrane lifetime and, consequently, increased operation costs [59]. Thus,
the development of an optimal cleaning method is a key exigency in membrane
filtration processes.
Damage to the membrane caused by aggressive chemical cleaning is inevitable and
can appear over a period of time [44]. However, the extent of such damage and the
underlying mechanisms are still unclear. Consequently, little is known about the
impact of membrane degradation/modification on the removal of low-MW and
health-concerning TrOC. Therefore, it is essential to understand the changes that the
cleaning reagents can cause to membrane properties, flux and rejection for
development of cleaning regimes with low impact on membrane lifetime and product
quality.
The aim of this study is to evaluate the influence of common used chemical cleaning
reagents on the nanofiltration of sulfamethoxazole and carbamazepine by a NF
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membrane. These TrOC have been frequently detected in secondary treated effluent
and sewage impacted water bodies and are used as test representative cases.
Membrane samples were exposed to cleaning solutions of various concentrations to
investigate their influence on the nanofiltration of TrOC. Changes in the membrane
properties were related to the rejection of inorganic salts and TrOC.
4.2

Material and methods

4.2.1

Analytical reagents

Sodium hydroxide, citric acid, SDS, and EDTA were selected to simulate caustic,
acidic, surfactant and metal chelating reagent cleaning, respectively (Table 4.1).
Cleaning solutions of various concentrations were prepared with Milli-Q water and
stored at 4 °C.
Table 4.1: pH/concentrations of the selected cleaning solution.
Cleaning reagent
Chemical formula
Range

Sodium hydroxide Citric acid
SDS
EDTA
NaOH
C 6 H 8 O 7 NaC 1 2 H 2 5 SO 4 C 1 0 H 1 6 N 2 O 8
pH 1112
pH 1.52.5 515 mM 2.710.8 mM

Sulfamethoxazole and carbamazepine were selected for this study to investigate the
behaviour of negatively charged and neutral TrOC, respectively. A stock solution of
1 g/L of each compound was prepared with analytical grade methanol and was stored
in a freezer at 18 °C. The physical-chemical properties of sulfamethoxazole and
carbamazepine are shown in Table 4.2. All chemicals used were of analytical grade
and purchased from Sigma Aldrich (Castle Hill, NSW, Australia).
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Table 4.2: Physical-chemical properties of carbamazepine and sulfamethoxazole.
Data obtained from SciFinder Scholar.
TrOC
MW (g/mol)
Log D (pH 4)
Log D (pH 7)
Log D (pH 10)
Solubility at 25 °C (g/L)
Dissociation constants

Sulfamethoxazole
253.3
0.65
 0.22
 1.33
16
1.39 & 5.81

Carbamazepine
236.3
1.89
1.89
1.89
0.22
 0.49 & 13.94

pH 1.98
Molecular structure
including ionic forms

4.2.2

N

pH 5.81

O

NH2

Representative nanofiltration membrane

A thin film composite membrane  denoted NF270 by the manufacturer (Dow
FilmTec, Minneapolis, MN, USA)  was used. This is a semi-aromatic piperazine
based polyamide membrane. The NF270 membrane features a relatively open pore
size (0.84 nm) [82] and a high water permeability (13.5 L/m2h bar) [91]. According
to the manufacturer, the MWCO of the NF270 is between 200  300 Da. The
recommended operating pH range is between pH 3 and 10. However, for short-term
(30 min) cleaning purposes, the pH can be extended to pH 1 to 12. The maximum
operating temperature is 45 °C, while it is not recommended to exceed 35 °C when
the membrane is used above pH 10 [188]. Prior to the membrane integrity and
filtration tests, the membrane samples were rinsed carefully with Milli-Q water to
remove any protective layer and chemical residues. The NF270 has been used in
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several full-scale water purification plants in Europe for ground and surface water
treatment [195].

4.2.3

Cleaning simulation

Simulated cleaning was conducted by immersing virgin membrane samples for 18
hours at 35 ± 1 °C in the chemical cleaning solution. The temperature was controlled
with a water bath on top of a platform mixer, which ensured active transport of the
cleaning reagents to the membrane surface. The membrane samples were
subsequently removed from the solution, rinsed gently with tap water, followed by
Milli-Q water (squeeze bottle) to remove remaining chemicals. This post cleaning
rinsing protocol was conducted for a few minutes. The cleaned membranes were
subsequently used for compaction, followed by the filtration experiments and surface
characterization. For comparison purposes, virgin membrane samples were also
immersed in Milli-Q water for 18 hours at 35 ± 1°C. Each rejection, permeability or
surface characterisation test was conducted on separate virgin and cleaned membrane
sample.
Chemical cleaning solutions were prepared by separately dissolving each cleaning
reagent in Milli-Q water. While membrane manufacturers usually specify the
maximum limits for the use of chlorine, acid and caustic reagents, concentration
limits of surfactants and metal chelating reagents are usually not stated despite their
widespread use as key ingredients in commercial cleaning reagents [59, 143]. The
optimum concentration of EDTA has been reported to be in the range between 1 and
10 mM [149-151], while that of SDS [149, 154] was reported to be above the critical
micelle concentration of the compound (8.36 mM at 20 °C [153]). To accelerate any
possible membrane degradation by the cleaning reagents investigated here, the
chemical solution strengths (Table 4.1) used in this simulation range from mild to
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slightly more aggressive than those specified by the manufacturers or previously
reported in the literature. An exposure time of 18 hours was also used to simulate
repetitive membrane cleaning cycles. This cleaning simulation represents one
cleaning event of a severely fouled membrane or repetitive cleaning cycles in
response to a mild level of fouling over 4.5 year of continuous operation if cleaning
is conducted for 1 hour every 3 months. Each measurement was carried out on
separate cleaned membrane samples.
The simulated chemical cleaning protocol used in this study differs from the
common procedure used in full-scale applications, where chemical cleaning is
conducted by a successive cycle of soaking, cleaning solution circulation, and
flushing of the membrane module with clean water. In full-scale installations, only
the top layer of the membrane is exposed to the cleaning solution and exposure of the
membrane polymeric surface to chemical cleaning reagents may be hindered to some
extent by the fouling layer. Elevated cleaning temperatures and high cross-flow
velocities can also be used to improve the cleaning efficiency in full-scale
applications. In addition, it is noteworthy that the impact of chemical cleaning on the
membrane performance could change over time. This gradual change in the
membrane performance depends on operating conditions such as temperature, feed
chemistry and the applied operating pressure. Nevertheless, the simulated chemical
cleaning procedure used here allows for the systematic determination of membrane
ageing due to chemical cleaning and similar protocols have widely been used in the
literature [12, 15, 16, 162, 173].

4.2.4

Filtration setup and experimental protocol

A laboratory-scale cross-flow NF/RO filtration set-up was used (Figure 4.1), which
consisted of a stainless steel flat-sheet membrane cell with an effective surface area
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of 40 cm2 (4 cm × 10 cm) and a channel height of 2 mm, a stainless steel feed
reservoir and a high-pressure pump (Hydra-cell, Wanner Engineering Inc.
Minneapolis, MN, USA). The concentrate and permeate flow rate was monitored by
a rotameter (MPB Industries, Tonbridge, Kent, UK) and a digital flowmeter (Model
5025000, GJC Instruments Ltd., UK), which was connected to a personal computer.
Feed pressure and cross-flow velocity were controlled by a by-pass valve and backpressure regulator. The feed reservoir temperature was controlled by a PID control
chiller (Neslab RTE7, Thermo Fisher Scientific, Canada).
Pressure Gauge
Flow Meter

Permeate
Retentate
Bypass

Flow
Meter

20 °C
Back
Pressure
Regulator

Temperature
Control Unit

Reservoir

Pump

Bypass
Valve

NF/RO Membrane Cell

Figure 4.1: Schematic diagram of the NF/RO filtration setup.
In preparation for each experiment, the virgin and cleaned membrane samples were
operated using 10 L of Milli-Q water at pressure, cross-flow filtration and
temperature of 18 bar, 70 cm/s and 20 °C, respectively, until the permeate flux was
constant (Figure 4.2). This protocol allowed the membrane compaction and removal
of possible remaining cleaning reagents prior to the filtration experiments. A feed
solution containing 1 mM CaCl2, 20 mM NaCl and 1 mM NaHCO3 was used to
simulate the ionic composition of typical secondary treated effluent and similar
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compositions have been used elsewhere by other researchers [67, 137]. The initial
concentration of both sulfamethoxazole and carbamazepine in the feed reservoir was
adjusted to 750 µg/L. The concentration of TrOC used here is an order of magnitude
higher than what can be found in secondary treated effluent [4], however, this is
necessary to ensure accurate analysis of a large number of samples. The permeate
flux was set at 42 L/m2h, which is similar to the nominal permeate flux of the NF270
selected for this study [188]. The feed pH was modified with NaOH (1 M) to pH 10
and then stepwise reduced to pH 4 with HCl (1 M). The system was stabilized at
each pH for at least one hour before feed and permeate samples were collected for
analysis [15, 134]. Feed temperature and cross-flow velocity was kept constant
during the filtration experiment at 20 ± 0.1 °C and 30.4 cm/s, respectively.

Flux
(L/m2h)

Compaction

Filtration
Flux

Injection of the
TrOC

Sampeling
1 hour

42
Stepwise reduction of the filtration pH
8

1

Time
(hours)

Figure 4.2: Schematic diagram of the flux regime during the filtration.
4.2.5

Membrane characterisation

4.2.5.1 Zeta potential
The streaming potential of the membrane surface was measured in a 1 mM KCl
background solution using a SurPASS Electrokinetic Analyser (Anton Paar GmbH,
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Graz, Austria). The zeta potential was calculated from the measured streaming
potential using the Fairbrother–Mastin method. At each pH, the zeta potential was
measured four times by repeatedly reversing the electrolyte flow direction. The
instrument error associated with this measurement was less than 0.5%. Analytical
grade hydrochloric acid and potassium hydroxide were used to adjust the pH by
automatic titration. All streaming potential measurements were performed at 500
mbar and at room temperature (25 ± 1 °C).
4.2.5.2 Permeability
The membrane permeability was measured using a bench scale dead-end filtration
system [196]. The stirred cell was made of stainless steel with an inner diameter of
5.6 cm resulting in a membrane surface area of 21.2 cm2. The cell was connected to a
Millipore stainless steel reservoir. Instrument grade air was used to pressurize the
system. The permeate flux was measured with a digital balance (Mettler Toledo,
Ohio, USA) which was connected to a personal computer. The membrane was
initially compacted for 1 hour using Milli-Q water at 6 bar and permeability
measurements were conducted at 5 bar and room temperature (25 ± 1 °C).
4.2.5.3 Contact angle measurement
The membrane hydrophobicity was determined by contact angle measurement.
Contact angle measurements of the virgin and cleaned membrane samples were
performed with a Rame-Hart Goniometer (Model 250, Rame-Hart, Netcong, NJ)
using the standard sessile drop method. The membrane samples were air dried prior
to measurement and Milli-Q water was used as the reference solvent. At least 5
droplets were applied to membrane samples and the contact angle was measured on
both sides of the droplet.
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4.2.6

TrOC analysis

Sulfamethoxazole and carbamazepine were analysed using a Shimadzu HPLC
system (Kyoto, Japan) equipped with a Discovery C18 column (with diameter, length
and pore size of 4.6 mm, 150 mm and 5 mm, respectively). Analysed were measured
with a UV-detector at a wavelength of 280 nm. Two solutions premixed by HPLC
grade acetonitrile (ACN) and a 25 mM buffer solution (KH2PO4) were used for the
mobile phase (Eluent A: 80% ACN/20% buffer solution and Eluent B: 20%
ACN/80% buffer solution). The flow rate was 0.7 mL/min and the sample injection
volume was 50 µL. The detection limit for sulfamethoxazole and carbamazepine
using these conditions was approximately 20 μg/L [134]. Six repetitive
measurements of sulfamethoxazole and carbamazepine revealed a detection
uncertainty at a concentration of 750 μg/L of 0.6% and 0.4% and at a concentration
of 20 μg/L of 0.7% and 3.8% for this method, respectively. The analysis was carried
out immediately after each filtration experiment.
4.3

Results and discussion

4.3.1

Impact on membrane properties

4.3.1.1 Zeta potential
The polyamide active layer of the NF270 contains uncross-linked carboxylic and
amine functional groups. These functional groups can be ionised depending on the
solution pH. In good agreement with other studies [54, 197], the virgin NF270
showed an isoelectric point at approximately pH 3 and below this pH value, the
membrane was slightly positively charged and became up to  20 mV charged as the
solution pH increased from pH 3 to 10 (Figure 4.3). Although the membrane surface
charge was a function of the background solution pH, caustic cleaning did not result
in any significant modification of the membrane surface charge (Figure 4.3a).
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However, no isoelectric point was found after the membrane was cleaned in a pH 12
cleaning solution. On the other hand, acidic cleaning and the cleaning with the
surfactant SDS rendered the membrane surface charge slightly less negative (Figure
4.3b and c); while the variations in the membrane charge due to EDTA exposure
were rather inconclusive (Figure 4.3d). The results suggest that any interactions
between ionisable functional groups of the membrane active layer and the cleaning
reagents did not induce any significant effect on the surface charge characteristics of
the membrane. It is, however, noteworthy that in a previous study, Al-Amoudi et al.
[162] reported variable changes in the membrane zeta potential after chemical
cleaning with HCl, NaOH, SDS and EDTA. These changes were not permanent and
the membrane surface charge could return to its original value when exposed to basic
(NaOH) followed by acidic (HCl) cleaning. Al-Amoudi et al. [162] observed further
that SDS induced a highly and uniform negative charge to the membrane surface by
hydrophobic-hydrophobic interactions. Because the differences in the cleaning
regime between the current study and that of Al-Amoudi et al. [162] were minimal,
discrepancies in the properties of the used membranes may explain the different
results of both studies.

- 72 -

Chapter 4 Impact of cleaning strength on the nanofiltration of TrOC

10

0
-5
-10
-15
-20
-25

4

6
pH (-)

Zeta potential (mV)

5

8

Virgin membrane
5 mM
10 mM
15 mM

0
-5
-10
-15
-20
-25

10

4

-5
-10
-15

6
pH (-)

8

-25

b: Acidic

2

4

5

c: Surfactant

2

0

-20

a: Caustic

2

Virgin membrane
pH 2.5
pH 2
pH 1.5

5

Zeta potential (mV)

Zeta potential (mV)

5

10

Zeta potential (mV)

Virgin membrane
pH 11
pH 11.5
pH 12

10

6
pH (-)

8

10

Virgin membrane
2.7 mM
5.4 mM
10.8 mM

0
-5
-10
-15
-20
-25

d: Metal chelating

2

4

6
pH (-)

8

10

Figure 4.3: Membrane zeta potential before and after being exposed to a) caustic, b)
acidic, c) surfactant and d) metal chelating based cleaning solutions. The
measurement was conducted in 1 mM KCl at 25 ± 1 °C. Error bars show the
measured standard deviation of three replicate experiments with different membrane
samples. Cleaning was carried out for 18 hours at 35 ± 1°C.
4.3.1.2 Hydrophobicity
In good agreement with other studies [15, 180], contact angle measurements
conducted in this study confirmed that the NF270 has a contact angle of around 30°,
which indicates the very hydrophilic characteristic of this membrane. As can be seen
in Figure 4.4, chemical cleaning led to changes in the membrane surface
hydrophobicity. Exposure of the NF270 to caustic and acidic cleaning solutions
rendered the membrane surface more hydrophobic with the contact angle value
consistently increased as the strength of the cleaning solution increased (Figure 4.4).
Such surface hydrophobicity modifications can be caused by chemical reactions of
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the acidic and caustic cleaning reagent with the membrane hydrophilic functional
groups in the active skin-layer. However, such a mechanism is also expected to lead
to surface charge modification, which was not observed in this study (Figure 4.4a). A
decrease and an increase in the membrane surface hydrophobicity due to caustic and
acidic cleaning respectively were also reported by Al-Amoudi et al. [16]. These
changes appear to be membrane specific. The underlying mechanisms remain
unknown and are subject to further enquiry. No significant variations in the surface
hydrophobicity of the NF270 membrane after the contact with SDS was found,
which is in contrast with the results of Al-Amoudi et al. [16], who observed a
significant decrease in the surface hydrophobicity of DK, DL and HL membranes.
However, the NF270 membrane used in this study is more hydrophilic than the
membranes investigated by Al-Amoudi et al. [16] and thus, interactions between the
membrane surface and SDS are expected to be limited. Similar to SDS, EDTA
cleaning only caused minor changes in the surface hydrophobicity of the NF270.
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Figure 4.4: Changes in membrane hydrophobicity due to exposure to various
cleaning solutions. Error bars show standard deviation of five replicate experiments.
Cleaning was carried out for 18 hours at 35 ± 1°C.
4.3.1.3 Permeability
The impact of chemical cleaning on the permeability of the NF270 membrane is
shown in Figure 4.5. In good agreement with a number of previous studies [17, 162],
caustic cleaning caused a significant increase in the membrane permeability (Figure
4.5). The pore size of organic membranes can be influenced by interactions between
the ionisable functional group of the membrane polymeric matrix [66, 186]. Thus,
the temporary high negative charge during the caustic cleaning process possibly
caused the polyamide structure of the NF270 membrane to become more open,
which subsequently enhanced the permeate flux (Figure 4.5). This effect is likely
slightly compensated by the observed increase in the surface hydrophobicity
following caustic cleaning (Figure 4.4). Similarly, the influence of the temporary low
negative charge on permeability can also explain the decrease in the membrane
permeability after acidic cleaning (Figure 4.5). The NF270 was slightly positively
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charged during acidic cleaning at pH 2 and pH 2.5. Thus, the slight decrease in the
membrane permeability might be attributed to the denser membrane matrix and
increased surface hydrophobicity (Figure 4.4) as a result of acidic cleaning. On the
other hand, more aggressive acidic cleaning (pH 1.5) opened the membrane matrix
possibly by enhancing the positive surface charge, which resulted in a slight
increased flux, which likely compensated the effect of the increased surface
hydrophobicity (Figure 4.4). Chemical cleaning with SDS increased the membrane
flux (Figure 4.5), which was reported to be the result of reduced membrane
hydrophobicity [16]. However, in this study, the membrane surface hydrophobicity
slightly increased after SDS cleaning (Figure 4.5). Thus, adsorption of SDS inside
the membrane pores was likely responsible for the flux increase. It is noteworthy that
such internal modifications cannot be detected by surface analysis techniques
including streaming potential and contact angle measurement. Similar to SDS,
EDTA cleaning significantly increased the flux (Figure 4.5). This could be the result
of adsorbed or trapped EDTA remaining within the NF270 membrane, which adds
further negative charge to the NF270 and results in a more open permeable structure.
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Figure 4.5: Changes in the membrane permeability due to exposure to various
cleaning solutions at 35 ± 1 °C. Permeability was measured with Milli-Q water at 5
bar and approximately 25 ± 1 °C.
4.3.2

Impact of chemical cleaning on salt and TrOC rejection

4.3.2.1 Salt rejection
Figure 4.6 shows the rejection of inorganic salts (measured by conductivity) by the
NF270 membrane as a function of pH before and after chemical cleaning. In good
agreement with the work of other authors [82, 198] and the data given by the
manufacturer [188], rejection values of salt varied, dependent on the filtration pH,
between 5 to 35% (Figure 4.6). Changes in the solution pH can directly influence the
membrane surface charge (section 4.3.1.1) [66, 186], and hence, the rejection of
inorganic salts as. The impact of chemical cleaning on the rejection of inorganic salts
remains rather inconclusive in the literature. Liikanen et al. [17] reported a decrease
in conductivity rejection as a result of caustic cleaning. In contrary, Al-Amoudi et al.
[16] showed an increase in NaCl rejection by two NF membranes  namely DK and
DL  after soaking the membranes overnight to a caustic cleaning solution. At the
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same time, they found a decrease in the rejection of NaCl by another NF membrane

 namely HL  using the same chemical cleaning protocol [16]. Nilsson et al. [179]
also demonstrated that the cleaning sequence (i.e.: acidic-alkaline versus alkalineacidic cleaning) as well as the cleaning temperature could influence the rejection of
KCl. In this study, caustic cleaning and strong acidic cleaning (pH 1.5) resulted in a
small but nevertheless statistically significant decrease in conductivity (Figure 4.6a
and b). As discussed above (section 4.3.1.3), both caustic and strong acidic cleaning
(pH 1.5) could lead to an increase in the membrane pore size, respectively, and thus
resulted in a decrease in conductivity rejection. It is interesting to note that although
weak caustic cleaning (pH 2 and 2.5) resulted in a discernible reduction in the
permeability by an assumed denser membrane matrix (section 4.3.1.3), no impact in
salt rejection was observed. Similarly, although chemical cleaning with SDS and
EDTA resulted in a significant increase in the membrane permeability, the effect of
both cleaning reagents on conductivity rejection was negligible (Figure 4.6d).
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Figure 4.6: Conductivity rejection by the NF270 before and after being exposed to
a) caustic, b) acidic, c) surfactant and d) metal chelating based cleaning solutions.
The feed solution contained 1 mM CaCl2, 20 mM NaCl and 1 mM NaHCO3. Cross
flow velocity, permeate flow and temperature were 30.4 cm/s, 42 L/m2 h and 20 ±
0.1 °C, respectively. Error bars show the measured standard deviation of three
replicate experiments with different membrane samples. Cleaning simulation was
carried out for 18 hours at 35 ± 1 °C.
4.3.2.2 TrOC rejection
Within the environmental pH range (i.e.: pH 4  10), carbamazepine is a neutral
compound. Because the separation of carbamazepine by a nanofiltration process is
solely driven by size exclusion, rejection value is largely independent of the solution
pH (Figure 4.7). Caustic cleaning led to a significant decrease in carbamazepine
rejection (Figure 4.7a). Indeed, the results shown in Figure 4.7a support the
hypothesis described above. Exposing the membrane to a caustic solution at pH 11.5
and 12 enhanced the interactions among the ionisable functional groups of the
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membrane polymeric matrix. As a result, the membrane matrix porosity or the
membrane pore size increased, leading to higher permeability (Figure 4.7a), lower
salt rejection (Figure 4.7a), and the rejection of the neutral solute carbamazepine
(Figure 4.7a). On the other hand, acidic cleaning might have reduced the interactions
among the ionisable functional groups of the membrane matrix, resulting in the
tightening of the membrane pores and a slightly increase in carbamazepine rejection
(Figure 4.7b). Carbamazepine rejection was also slightly increased at a filtration pH
above 8 after the cleaning with the surfactant SDS, which was possibly caused by
internal modifications of the membrane charge due to adsorption of SDS within the
membrane pores (Figure 4.7c). The impact of EDTA on the carbamazepine rejection
caused also slight variations, however with no clear trends emerge (Figure 4.7d).
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Figure 4.7: Carbamazepine rejection of the NF270 before and after being exposed to
a) caustic, b) acidic, c) surfactant and d) metal chelating based cleaning solutions.
Error bars show the measured standard deviation of three replicate experiments with
different membrane samples. Experimental conditions were the same as shown in
Figure 4.6.
In contrast to carbamazepine, sulfamethoxazole has two amine functional groups
with the dissociation constants pKa1 of 1.39 and pKa2 of 5.81, respectively. Above pH
5.81, the amine functional group (NH  N) of sulfamethoxazole is deprotonated to
give the compound a negative charge. The distribution of negatively charged and
neutral sulfamethoxazole is a function of the feed solution pH. Consequently, the
rejection of sulfamethoxazole is driven by both size exclusion and charge repulsion.
As can be seen in Figure 4.8, the rejection of sulfamethoxazole by both the virgin
and chemically cleaned NF270 membrane was strongly dependent on the feed
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solution pH. Above pH 8, when charge repulsion was the dominating separation
mechanism, the rejection of sulfamethoxazole was high and was not affected by
chemical cleaning (Figure 4.8). Sulfamethoxazole rejection decreased sharply as the
solution pH decreased from 8 to 4. Caustic cleaning appears to assert significant
impact on the rejection of sulfamethoxazole. However, because sulfamethoxazole
rejection was sensitive to pH within the range pH 4 to 8, a conclusive finding could
not be obtained. A reduction in rejection was observed with middle to high strength
caustic cleaning solutions (pH 11.5 and 12), while a weak caustic cleaning solution
(pH 11) had no impact on rejection (Figure 4.8a). Acidic and SDS cleaning did not
result in any significant effect on the rejection of sulfamethoxazole (Figure 4.8b and
c). However, EDTA cleaning resulted in a slight decreased rejection of
sulfamethoxazole at low pH (pH 4  8) (Figure 4.8d). It is hypothesized that adsorbed
or deposited EDTA within the membrane made the membrane matrix more open,
which lead to significant increased water flux (section 4.3.1.3) and enhanced neutral
sulfamethoxazole transport (Figure 4.8d).
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Figure 4.8: Sulfamethoxazole rejection of the NF270 before and after being exposed
to a) caustic, b) acidic, c) surfactant and d) metal chelating based cleaning solutions.
Error bars show the measured standard deviation of three replicate experiments with
different membrane samples. Experimental conditions were the same as shown in
Figure 4.6.
4.4

Conclusion

Prolonged exposure of acidic and SDS containing cleaning solutions slightly reduced
the negative charge density of the membrane surface. On the other hand, both caustic
and acidic cleaning resulted in a marked increase in the membrane surface
hydrophobicity. Given the very high hydrophilicity of the virgin NF270 membrane,
the influence of SDS on the hydrophobicity of this membrane was negligible.
However, it is hypothesized that chemical cleaning may alter, permanent or
temporary, the porosity of the polymeric matrix and even the hydrophilicity within
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the membrane active layer. Indeed, caustic cleaning resulted in an increase in the
membrane permeability while acidic cleaning produced the opposite effect. An
increase in the membrane permeability was also observed due to SDS and EDTA
cleaning. The above mentioned hypothesis is also supported by the rejection data
obtained in this study. Of the four reagents studied here, strong caustic cleaning at
pH 11.5 and 12 caused a significant decrease in the rejection of conductivity and
carbamazepine. Chemical cleaning did not affect the rejection of the negatively
charged sulfamethoxazole (pH 8  10). Nevertheless, below pH 8, caustic cleaning
had a considerable effect on the rejection of sulfamethoxazole. Strong acidic
cleaning (pH 1.5) resulted in a slight decrease in salt rejection. Both acidic and SDS
cleaning resulted in a small increase in the rejection of carbamazepine. However,
there was no significant impact on sulfamethoxazole rejection by acidic and SDS
cleaning. The effect of EDTA cleaning on the separation performance of the NF270
membrane was the smallest of all investigated cleaning reagents.
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CHAPTER 5
5IMPACT OF THE CLEANING TEMPERATURE ON THE
NANOFILTRATION OF TROC
This chapter has been published as:
Simon, A., Price, W.E., Nghiem, L.D. Impact of chemical cleaning on the
nanofiltration of pharmaceutically active compounds (PhACs): The role of cleaning
temperature. Taiwan Institute of Chemical Engineers (2013) 44, 713–723
____________________________________________________________________
5.1

Introduction

Chemical cleaning is essential in any NF/RO application [59] and can accelerate the
membrane ageing process [44]. The impact of chemical cleaning on the membrane
integrity depends on the cleaning concentration, cleaning solution composition, time
of exposure, cleaning methodology and also the temperature. Increasing the cleaning
solution temperature during the cleaning process accelerates transport processes,
chemical reactions and the solubility of various foulants [148]. Consequently,
elevated cleaning temperatures can significantly improve the cleaning process [149,
154, 165, 179]. However, apart from chemical interactions with the membrane, high
cleaning temperature may also further enhance the modification of the membrane
properties [179].
The aim of this chapter is to investigate the impact of chemical cleaning at different
temperatures on the nanofiltration behaviour of two neutral and negatively charged
model TrOC  namely carbamazepine and sulfamethoxazole. Changes in the
membrane properties, including surface charge, roughness, hydrophobicity and
permeability due to different chemical cleaning conditions (i.e. cleaning reagents and
temperature) were systematically characterised and related to the impact on the
separation of inorganic salts and TrOC. The results provide further insight into the
process of membrane ageing caused by excessive chemical cleaning.
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5.2

Material and methods

5.2.1

Analytical reagents

In this chapter, sodium hydroxide (pH 11.5), citric acid (pH 2), SDS (10 mM) and
EDTA (5.4 mM) were used to simulate membrane cleaning using caustic, acidic,
surfactant and chelating reagents, respectively. Sulfamethoxazole and carbamazepine
were selected as model TrOC for the filtration test in this study and their
physicochemical properties can be found in Table 4.2. All chemicals used in this
study were of analytical grade and purchased from Sigma Aldrich (Castle Hill, NSW,
Australia). The physical-chemical properties of carbamazepine and sulfamethoxazole
can be found in Table 4.2.

5.2.2

Nanofiltration membrane

The NF membrane NF270 (Dow FilmTec, Minneapolis, MN, USA) was used in this
investigation. The properties and cleaning recommendations of this membrane can be
found in section 4.2.2.

5.2.3

Filtration setup and experimental protocol

A laboratory-scale cross-flow stainless-steel NF/RO filtration system was used for
filtration tests of virgin and cleaned membrane samples. A detailed description of
this filtration system and protocol is available in section 4.2.3.

5.2.4

Cleaning simulation

Membrane cleaning was simulated by exposing the virgin membrane samples to
different cleaning solutions at 20, 35 and 50 ± 1°C. The temperature during the
cleaning simulation was adjusted with a water bath on a platform shaker, which
guaranteed active transport of the cleaning reagent to the membrane surface. The
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membrane samples were subsequently used for the experiments in this study. The
protocol of the cleaning simulation can be found in section 4.2.4.

5.2.5

Membrane characterisation

5.2.5.1 Zeta potential
Streaming potential of the virgin and cleaned membrane was conducted in 1 mM
KCl using a SurPASS Electrokinetic Analyser (Anton Paar GmbH, Graz, Austria).
The measuring protocol can be found in section 4.2.5.1.
5.2.5.2 Measurement of the membrane surface roughness
A multimode atomic force microscope (AFM, Digital Instruments, Santa Barbara,
CA, USA) was used to analyse the surface morphology before and after chemical
cleaning. A surface area of 2 μm × 2 μm with a resolution of 512 x 512 pixels was
imaged at a scanning speed of 1 cm-1. The measurement was carried out in the airtapping mode using an oxide sharpened SiN probe. The average surface roughness
(Ra) was measured in triplicate on different locations of each membrane sample.
Prior to the measurement, the membrane samples were dried in air.
5.2.5.3 Contact angle measurement
A Rame-Hart Goniometer (Model 250, Rame-Hart, Netcong, NJ) was used to
measure the contact angle between the water-air interface. The measuring protocol
can be found in section 4.2.5.3.
5.2.5.4 Permeability
A bench scale dead-end filtration system was used to measure the permeability of
virgin and cleaned membrane. The detailed specifications and the protocol can be
found in section 4.2.5.2.
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5.2.5.5 Surface chemistry
Fourier transform infrared spectroscopy (FTIR) analysis of virgin and chemically
cleaned membranes were conducted using an IRAffinity-1 spectrometer (Shimadzu,
Kyoto, Japan). The instrument was equipped with a diamond crystal. The IR
spectrum was measured between 700 cm-1 and 1750 cm-1. Each scan was performed
10 times at a resolution of 1 cm-1.

5.2.6

Analytical method

Carbamazepine and sulfamethoxazole were analysed with a Shimadzu HPLC system
(Kyoto, Japan) equipped with a Discovery C18 column (with diameter, length and
pore size of 4.6 mm, 300 mm and 5 µm, respectively). The analysing protocol can be
found in section 4.2.6.
5.3

Results and discussion

5.3.1

Impact on membrane properties

5.3.1.1 Surface charge
The impact of cleaning temperature on the membrane surface charge appears to be
insignificant. When no cleaning reagents were used, exposing the NF270 membrane
to Milli-Q water at an elevated temperature (i.e. 35 or 50 C) resulted in only
negligible changes in the zeta potential profile as a function of pH (Figure 5.1).
Exposure of the NF270 to a caustic cleaning solution (pH 11.5) at 50 C for 18 hours
resulted in a slightly more negatively charged surface at pH in the range of 6 to 10
than that of the virgin membrane or when a lower cleaning temperature (i.e. 20 or
35 °C) was used (Figure 5.1b). No discernible changes in the membrane surface
charge could be seen after the membrane was exposed to an acidic cleaning solution
or a solution containing SDS or EDTA at either 35 or 50 C (Figure 5.1c-e). These
results are consistent with those described in section 4.3.1.1 and also by Al-Amoudi
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et al. [162]. Al-Amoudi et al. reported no measurable impact of chemical cleaning on
the surface charge of three NF membranes (namely DK, DL and HL) as the cleaning
temperature was varied in the range from 20 to 34 C. Similarly, in section 4.3.1.1,
chemical cleaning using acidic, surfactant and chelating reagents at various strengths
had a negligible effect on the surface charge of the NF270 membrane. The
membrane zeta potential is governed by the number and type of ionisable functional
groups (such as amines and carboxyls) of the membrane surface [66]. Our results
suggest that chemical cleaning either at ambient or elevated temperatures does not
permanently and significantly alter the number density of the functional groups on
the membrane active layer.
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Figure 5.1: Membrane zeta potential before and after being exposed to a) Milli-Q
water, b) NaOH (pH 11.5), c) citric acidic (pH 2), d) SDS (10 mM) and e) EDTA
(5.4 mM) at 20, 35, and 50 ± 1 C. The background electrolyte for the zeta potential
measurement was 1 mM KCl at 20 ± 1 C. Error bars show the measured standard
deviation of three separate virgin membrane samples.
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5.3.1.2 Surface roughness
The impact of chemical cleaning on the surface roughness of the NF270 membrane
was increased when the cleaning temperature increased. The NF270 membrane
exposed to Milli-Q water at 20 C had a very smooth surface with an average surface
roughness of 3.7 nm, which is in good agreement with a previous study [15]. An
increase in the cleaning temperature from 20 to 50 C increased slightly the surface
roughness when Milli-Q water and no reagents were used (Figure 5.2). However,
when a caustic cleaning solution (pH 11.5) was used, the increase in roughness
became dramatic and elevated cleaning temperatures (i.e. 35 and 50 C) further
contributed to the increase in roughness. In contrast, the use of citric acid, SDS and
EDTA at elevated temperatures (i.e. 35 and 50 C) also increased slightly the surface
roughness, similar to Milli-Q water alone (Figure 5.2).
It appears that the elevated cleaning temperature and reagents increased the surface
roughness, possible by physical transformation of the top and/or support layer. At an
elevated cleaning temperature, the membrane polymer swells and a subsequent
decrease in the cleaning temperature can shrink the membrane polymer [179, 184,
185]. Therefore, both the swelling and the shrinking of the top and/or support layer
could subsequently affect the membrane roughness. Caustic cleaning can also result
in the swelling of the membrane polymer by increasing the charge repulsion between
functional groups of the same charge [16]. An increase in surface roughness, such as
it was observed after caustic cleaning at 50 C could also influence the zeta potential
measurement [199], causing a small variation in the membrane surface charge when
a caustic cleaning solution was used as discussed above in section 3.1.1.
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Figure 5.2: Membrane surface roughness before and after being exposed to Milli-Q
water, NaOH (pH 11.5), citric acidic (pH 2), SDS (10 mM) and EDTA (5.4 mM) at
20, 35 and 50 ± 1 C. Scanning area, resolution and speed was 2 μm x 2 μm, 512 x
512 pixels and 1 cm-1, respectively. Error bars show standard deviation of three
measurements of different sample locations.
5.3.1.3 Surface hydrophobicity
The membrane hydrophobicity can be determined by contact angle measurement of
the membrane surface. The impact of chemical cleaning on the membrane surface
hydrophobicity was aggravated when the cleaning temperature increased (Figure
5.3). Although exposing the NF270 membrane to Milli-Q water at an elevated
temperature (i.e. 35 and 50 °C) only resulted in negligible changes in the membrane
hydrophobicity, notable variation could be seen when either a caustic (pH 11.5) or
acidic cleaning solution (pH 2) was used. A caustic cleaning solution at 50 C
resulted in a significant increase in the membrane hydrophobicity when compared
with an intermediate cleaning temperature of 20 and 35 C, and especially with the
hydrophobicity of the virgin membrane (Figure 5.3). An increase in the cleaning
temperature to 35 and 50 C of the acidic solution also led to a notable increase in
the membrane hydrophobicity. On the other hand, when either SDS or EDTA was
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used, the impact of cleaning temperature on the surface hydrophobicity of the NF270
membrane was small and rather inconclusive. This is consistent with work in section
4.3.1.2, in which no significant impact on the membrane hydrophobicity by SDS and
EDTA at 35 C and at various concentrations was reported. Any variation in
hydrophobicity may be governed by changes in either chemical and/or physical
characteristics of the membrane surface in response to chemical cleaning. As
discussed in section 5.3.1.1 of this chapter, chemical cleaning even at an elevated
temperature did not result in any permanent changes in the charge of the membrane
active layer. Therefore, the observed increase in the membrane contact angle during
chemical cleaning at elevated temperatures is likely due to significant changes in the
membrane porosity and/or roughness, which can also alter the capillary force of the
membrane surface, and thus the contact angle measurement [200].
It is noteworthy that the observed increase in hydrophobicity following NaOH
cleaning disagrees with the Wenzel model, which predicts a decrease in the surface
hydrophobicity with increasing surface roughness [201]. Therefore, it can be
assumed that the Wenzel model does not apply here, as it has also been reported in
other cases [202, 203]. Thus, the observed variation in the membrane surface
hydrophobicity due to NaOH cleaning is a subject for further investigations.
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Figure 5.3: Membrane hydrophobicity before and after being exposed to Milli-Q
water, NaOH (pH 11.5), citric acidic (pH 2), SDS (10 mM) and EDTA (5.4 mM) at
20, 35 and 50 ± 1 C. Error bars show the standard deviation of five replicate
measurements.
5.3.1.4 Permeability
The chemical cleaning temperature may exert a significant effect on the permeability
of the NF270 membrane (Figure 5.4). When exposing the NF270 membrane to MilliQ water at various temperatures (i.e. 20, 35, and 50 C) and in the absence of any
chemical cleaning reagent, the membrane permeability decreased significantly as the
temperature increased. This phenomenon was slightly further exacerbated with an
acidic cleaning solution (pH 2) at 35 and 50 C. In contrast, when a caustic cleaning
solution (pH 11.5) was used, the membrane permeability varied only slightly by
temperature (Figure 5.4). Chemical cleaning with SDS significantly improved the
permeability of the NF270 regardless of the cleaning temperature. On the other hand,
EDTA cleaning at 20 and 35 C increased the permeability of the NF270, whereas,
the opposite effect was observed at a cleaning temperature of 50 C (Figure 5.4).
The impacts of chemical cleaning by the four cleaning reagents and at different
temperatures on the membrane permeability reported here are consistent with those
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previously reported by Nilsson et al. [179]. In general, excessive chemical cleaning
at an elevated temperature can reduce the membrane porosity by subsequent swelling
and shrinking the membrane polymer [179, 184, 185] and, acidic cleaning seems to
lower the membrane porosity by neutralizing the membrane charge further. On the
other hand, caustic cleaning can lead to the opposite effect by protonating dissociable
functional groups, which can enlarge the membrane pores [17]. It is noteworthy that
subsequent exposure of the cleaned membrane in a solution featuring the opposite
pH might reverse the change in the polymeric matrix [59]. Because the rate of
transport and chemical reaction can usually be enhanced at higher temperatures, the
effect of caustic cleaning on the membrane permeability can also be amplified when
the cleaning temperature increases. Our results demonstrate that cleaning
temperature can potentially amplify the effect of chemical cleaning on the membrane
permeability.
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Figure 5.4: Membrane permeability before and after being exposed to Milli-Q water,
NaOH (pH 11.5), citric acidic (pH 2), SDS (10 mM) and EDTA (5.4 mM) at 20, 35
and 50 ± 1C. Error bars show the measured standard deviation of three replicate
experiments with different membrane samples.
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5.3.1.5 FTIR analysis
FTIR analyses of the virgin and chemically cleaned NF270 membrane were
conducted to determine if any chemical modifications of the membrane polymer
matrix have occurred (Figure 5.5). The individual measured peaks and the associated
chemical groups are summarised in Table 5.1. It is noteworthy that the NF270 has a
relatively thin active skin layer with approximately 15  40 nm [204], whereas, the
penetration of an IR beam in a polymeric membrane sample can be significantly
deeper [204]. Consequently, no peak of polypiperazinamide at a band of 1630 cm1
was found in this study, whereas polysulphone peaks at 1586 and 1488 cm1 were
clearly discernible. No impact of cleaning temperature (i.e. 20, 35 and 50 C) or
cleaning reagents (i.e. NaOH, citric acid, SDS and EDTA) could be observed in the
FTIR spectra of the NF270 in this study (Figure 5.5). Zhu and Nyström [205]
reported an additional peak at 1500 cm1 after cleaning a polysulphone UFmembrane with NaOH at 80 C. They suggested that NaOH could adsorb the
aromatic ether or hydrolyse the bond in para-position of the ether connection. The
cleaning temperature used by Zhu and Nyström [205] was significantly higher than
what could be tolerated by a typical polyamide membrane. Thus, in contrast to the
results by Zhu and Nyström [205], our study indicate that variations in surface
roughness, hydrophobicity and permeability are likely due to physical changes of the
top skin layer.
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Table 5.1: Assignments of FTIR peaks.
Wavenumber (cm - 1 )
1663
1640
1586
and 1488
1544
1329
and 1295

FTIR peak assignment
C=O and/or C-N stretching
and/or C-C-N deformation
vibration (amide I)
Polypiperazinamide
(amide I)
Aromatic in-plane bend
stretching vibration
C-N stretching (amide II)

Polymer

Reference

Polyamide

[57, 206]

Polypiperazinamide

[57]

Polyamide

[57, 204,
206]
[57, 206]

Asymmetric SO 2 stretching
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Figure 5.5: ATR-FTIR spectra of NF270 membrane samples before and after being
exposed to Milli-Q water, NaOH (pH 11.5), citric acidic (pH 2), SDS (10 mM) and
EDTA (5.4 mM) at 20, 35 and 50 ± 1C. The resolution was 1 cm-1.
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5.3.2

Impact on inorganic salt and TrOC rejection

5.3.2.1 Conductivity rejection
Chemical cleaning at 20 C using any of the four selected cleaning reagents had no
significant impact on the rejection of conductivity or inorganic salts (Figure 5.6).
Nevertheless, as the cleaning temperature increased to 50 C, a considerable increase
in conductivity rejection was observed after acidic, SDS and EDTA cleaning
throughout the pH range examined (Figure 5.6c-e). In general, the rejection of
conductivity by the virgin NF270 is governed by size exclusion and electrostatic
interactions (Donnan exclusion) [207]. The conductivity rejection increased slightly
as the feed solution pH increased since the membrane porosity and the surface charge
(Figure 5.1), and thus the electrostatic interaction are dependent on the solution pH.
However, because chemical cleaning at various temperatures did not significantly
alter the membrane surface charge (section 5.3.1.1), the increase in conductivity
rejection at an elevated temperature (i.e. 35 and 50 °C) is likely the result of the
membrane hysteresis phenomenon described above. The swelling and shrinking of
the active skin layer of the NF270 membrane during chemical cleaning at an elevated
temperature could possibly lead to a reduction in the membrane porosity, resulting in
a subsequent increase in the rejection of inorganic salts. In good agreement with the
results presented here, Mänttäri et al. [180] also reported that glucose rejection by
several NF-membranes increased after the feed temperature increased from 37 to
65 °C and then decreased back to 37 °C. The impact of cleaning temperature on
conductivity rejection was not obvious during caustic cleaning (Figure 5.6b). This is
because caustic cleaning can cause an increase in the membrane porosity, which then
counterbalances the decrease in membrane porosity caused by the high cleaning
temperature.
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Figure 5.6: Conductivity rejection before and after being exposed to a) Milli-Q
water, b) NaOH (pH 11.5), c) citric acidic (pH 2), d) SDS (10 mM) and e) EDTA
(5.4 mM) at 20, 35 and 50 ± 1C. Error bars show the measured standard deviation of
three replicate experiments with different membrane samples. The feed solution
contained 1 mM CaCl2, 20 mM NaCl and 1 mM NaHCO3. Cross-flow velocity,
permeate flow and temperature were 30.4 cm/s, 42 L/m2 h and 20 ± 0.1 C,
respectively.
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5.3.2.2 Rejection of TrOC
Carbamazepine is a neutral and hydrophilic compound in the pH range from 4 to 10
examined in this study (Table 4.2). Thus, the rejection of carbamazepine by the
NF270 membrane is governed primarily by size exclusion. At all three cleaning
temperatures of 20, 35, and 50 C examined, chemical cleaning resulted in a
considerable increase in the rejection of carbamazepine with caustic cleaning being
the only exception (Figure 5.7). These results are consistent with section 4.3.2.2,
where a small improvement in carbamazepine rejection by the NF270 membrane as a
result of citric acid, SDS and EDTA cleaning was found. In addition, the results
presented in Figure 5.7 also highlight the role of cleaning temperature in enhancing
the impact of chemical cleaning on the rejection of carbamazepine by the NF270
membrane. The increase in carbamazepine rejection following chemical cleaning
using citric acid, SDS and EDTA was higher at elevated temperatures (i.e. 35 and 50
C) compared to an ambient cleaning temperature (Figure 5.7c-e). An increase in the
cleaning temperature can enhance the interaction between the cleaning reagent and
the membrane polymeric surface. In addition, as discussed above, the hysteresis
effect caused by the increase and subsequent decrease in the cleaning temperature
could tighten the membrane polymer and thus increasing the rejection of
carbamazepine. In fact, a considerable increase in carbamazepine rejection could be
observed when the membrane was exposed to a Milli-Q water solution at an elevated
temperature, and no chemical cleaning reagent was used (Figure 5.7a). It is
noteworthy that caustic cleaning had no discernible impact on the rejection of
carbamazepine at all cleaning temperatures (Figure 5.7b). This is possibly because
the shrinkage of the membrane polymer, due to an increased cleaning temperature
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(i.e. 35 and 50 °C), was effectively compensated by the enlargement of pores caused
by caustic cleaning (section 4.3.2.2).
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Figure 5.7: Carbamazepine rejection before and after being exposed to a) Milli-Q
water, b) NaOH (pH 11.5), c) citric acidic (pH 2), d) SDS (10 mM) and e) EDTA
(5.4 mM) at 20, 35 and 50 ± 1C. Error bars show the measured standard deviation of
three replicate experiments with different membrane samples. Experimental
conditions were the same as shown in Figure 5.6.
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Unlike carbamazepine, sulfamethoxazole is an ionisable organic compound and can
deprotonate at pH above the pKa value (i.e. 5.81) of the amine group of the
compound. As a result, the rejection of sulfamethoxazole varies significantly as a
function of the solution pH (Figure 5.8). In good agreement with a previous study
[53] and section 4.3.2.2, above pH 8 when sulfamethoxazole is fully negatively
charged, the rejection of sulfamethoxazole by the NF270 was almost 100%. As the
feed solution pH decreased, sulfamethoxazole rejection decreased sharply. At pH 4,
sulfamethoxazole exists primarily as a neutral species and is rejected by the virgin
NF270 membrane just above 10%.
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Figure 5.8: Sulfamethoxazole rejection before and after being exposed to a) Milli-Q
water, b) NaOH (pH 11.5), c) citric acidic (pH 2), d) SDS (10 mM) and e) EDTA
(5.4 mM) at 20, 35 and 50 ± 1C. Experimental conditions were the same as shown
in Figure 5.6.
As discussed in section 5.3.1.1, chemical cleaning even at a high temperature did not
result in any significant impact on the zeta potential of the membrane. Consequently,
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above pH 8, membrane cleaning at all three temperature values and with all chemical
reagents did not result in any discernible effects on sulfamethoxazole rejection
(Figure 5.8). As the feed solution pH decreased to 4, sulfamethoxazole is
transformed from being negatively charged to neutral and correspondingly the
predominant rejection mechanism changes from charge repulsion to size exclusion.
Thus, the impact of cleaning temperature on neutral sulfamethoxazole rejection is
similar to that with carbamazepine and conductivity as discussed above. The increase
in neutral sulfamethoxazole rejection (at pH 4) was highest when the cleaning was
conducted at 50 C (Figure 5.8). Once again, the impact of cleaning temperature on
sulfamethoxazole rejection was masked and the rejection even slightly decreased
when using a caustic cleaning reagent (Figure 5.8b).
5.4

Conclusion

The temperature used during chemical cleaning did not exert any discernible impact
on the surface charge of the NF270 membrane. However, an elevated cleaning
temperature can either amplify or reduce, permanent or temporary, the impact of
chemical cleaning on several other properties of the membrane (including
hydrophobicity, surface roughness and permeability) as well as the rejection of both
inorganic salts and TrOC. The influence of chemical cleaning on the membrane
surface roughness was significantly enhanced when the cleaning temperature
increased. Similarly, caustic and acidic cleaning aggravated the impact on the
membrane surface hydrophobicity when the cleaning temperature increased. An
increase in the cleaning temperature could also, to some extent, amplify the decrease
in the membrane permeability as a result of acidic cleaning. In contrast, when a
caustic cleaning solution (pH 11.5) was used, the membrane permeability increased
as the cleaning temperature increased. FTIR analysis suggests that chemical cleaning
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even at an elevated temperature did not permanently alter the chemical composition
of the membranes. Indeed, the effects of chemical cleaning at a high temperature on
the physical-chemical properties of the membrane can be possibly attributed to the
conformational changes of the membrane polymeric matrix. Chemical cleaning using
citric acidic, SDS or EDTA solutions at elevated temperatures resulted in a
considerable increase in the rejection of inorganic salts and TrOC in their neutral
form. On the other hand, caustic cleaning at a high temperature had no measurable
impact on the rejection of inorganic salts and neutral TrOC. It is hypothesized that
caustic cleaning at elevated temperatures can cause opposing effects on the rejection
of these solutes. At pH above 8, when sulfamethoxazole is negatively charged and
rejected by charge repulsion, no discernible impact on the rejection of
sulfamethoxazole could be observed by any chemical reagent and cleaning
temperature.

- 106 -

Chapter 6 Impact of cleaning formulations on the nanofiltration of TrOC

CHAPTER 6
6IMPACT OF CLEANING FORMULATIONS ON THE NANOFILTRATION
OF TROC
This chapter has been published as:
Simon, A., Price, W.E., Nghiem, L.D. Influence of formulated chemical cleaning
reagents on the surface properties and separation efficiency of nanofiltration
membranes. Journal of Membrane Science (2013) Volume 432 Pages 73-82.
____________________________________________________________________
6.1

Introduction

Chemical cleaning by caustic and acidic cleaning reagents can result in significant
variations in the membrane charge, hydrophobicity, permeability and rejection [16,
162]. Modifications of the membrane performance are thought to be caused by the
enhanced electrostatic repulsion between functional groups of the membrane
polymeric matrix as a response to strong caustic or acidic cleaning. In fact, caustic
cleaning has often been reported to result in over 100% flux recovery [17, 95, 148,
154]. Moreover, cleaning efficiency and the membrane permeability have been
reported to increase significantly when surfactants and/or metal chelating reagents
are used simultaneously with the caustic cleaning solution [17, 143, 154]. Liikanen et
al. [17] suggested that at high pH, metal chelating reagents, such as EDTA, could
complex with some membrane constituents, rendering the membrane polymer even
more open. Despite the need to understand the impact of formulated chemical
cleaning on TrOC removal by NF/RO membranes, little information is currently
available in the literature [18].
In practice, the composition of the fouling layer is often very complex. As a result,
multiple chemical cleaning mechanisms are usually deployed to mitigate membrane
fouling. Enhanced cleaning results can be achieved by combining several cleaning
reagents either simultaneously or sequentially [59]. For example, the cleaning
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efficiency of EDTA was reported to be most effective above pH 10.3, because all
carboxylic functional groups of EDTA are fully deprotonated [143].
This chapter aims to study the impact of one acidic and two caustic cleaning
formulations on the rejection of carbamazepine and sulfamethoxazole by three
different NF membranes. The selected cleaning reagents are commercially available.
Changes in the membrane properties such as zeta potential, hydrophobicity,
permeability and the chemical bonding structure were linked to the variations in the
salts and TrOC rejection.
6.2

Materials and methods

6.2.1

Chemicals and reagents

Three commercially available formulated chemical cleaning reagents – namely
MC11, MC3 and PC98 – were used for the membrane cleaning experiments. The
MC11 and PC98 are caustic cleaning formulations while the MC3 is an acidic
cleaning formulation. The chemistries of the three cleaning formulations are
proprietary information of the manufacturers. The MC11 and MC3 were supplied
from (IMCD, Mulgrave, VIC, Australia) and delivered in powder form and cleaning
solutions were prepared following the manufacturer recommendations, resulting in
clear liquids with a pH of 11.2 and 3 at 20 ± 1 °C, respectively. According to the
manufacturer, MC11 is a blend of detergent builders, pH buffer and chelating
reagents including EDTA (30-60%), sodium tripolyphosphate (SDP, 30-60%),
trisodium phosphate (TSP, 30-60%) and citric acid (5-10%). MC3 is an acidic
cleaning reagent consisting of citric acid (30-60%), detergent builders and the
chelating reagent SDP (30-60%). The PC98 was supplied from (NALCO, Botany,
NSW, Australia) and delivered in a liquid form. The recommended cleaning
concentration of PC98 was 4% (wt/wt), resulting in a pH of 11 at 20 ± 1 °C.
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According to the manufacturer, PC98 contains amphoteric surfactants, the chelating
reagent EDTA (1  5% (wt/wt)) and formaldehyde (˂ 0.1% (wt/wt)).
Analytical grade sulfamethoxazole and carbamazepine were purchased from SigmaAldrich (Castle Hill, New South Wales, Australia) and their physical-chemical
properties are shown in Table 4.2.

6.2.2

Membranes

Three thin-film composite NF membranes  namely NF270, NF90 (Dow FilmTec,
Minneapolis, MN, USA) and TFC-SR100 (Koch membrane systems, Wilmington,
Massachusetts, USA)  were used in this study. The NF270 and NF90 membranes
both contain a very thin semi-aromatic piperazine based polyamide active skin layer
on a thick and porous polysulphone support [82]. The polyamide active skin layer of
the NF270 membrane is reported to be approximately 15  40 nm thick and that of
the NF90 is slightly thicker [204]. No information about the polymeric composition
of the active skin layer of the TFC-SR100 was available. Despite the low
permeability of the TFC-SR100 membrane, the calculated average pore diameter is
comparable to that of the NF270 (Table 6.1). It appears that the TFC-SR100 has a
thick active skin layer and/or a lower number of pores per unit area of membrane
than those of the NF270. The recommended operation and cleaning range differ
slightly from one membrane to another (Table 6.1).
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Table 6.1: Properties of selected nanofiltration membranes.
Max
Max
Nominal Average
Permeability
Operating Cleaning
operating cleaning
Mempermeate
pore
2
(L/m h bar)
pH
pH
temp. a temp. a
brane
flux
diameter
a
range a
range a
2
a
(L/m h)
(nm)
(C)
(C)
0.84
NF270
11.13
52
±
3  10
1  12
45
35
0.05 b
0.64
NF90
6.26
32
±
2  12
1  12
45
35
0.01 b
0.80
TFC5.73
26.3
±
4  10 1.7  11.5
50
45
SR100
0.08 c
a
According to the manufacturers
b
Data from [82]
c
Calculated using the method previously reported by Nghiem et al. [82]

6.2.3

Filtration setup and experimental protocol

A laboratory-scale cross-flow NF/RO filtration system was used in this study. The
detailed description of this system can be found in section 4.2.3.

6.2.4

Cleaning simulation

Chemical cleaning was simulated by soaking virgin membrane samples in the
cleaning solutions at 35 ± 1 °C for 18 hours. In this study, the cleaning solutions
were prepared according to the recommended procedure provided by the
manufacturers. Separate cleaning solutions containing 25 g/L of MC11, 25 g/L of
MC3, or 4% (wt/wt) of the reagent PC98 were dissolved in Milli-Q water. Chemical
cleaning was then simulated as described in section 4.2.4.

6.2.5

Trace organics analysis

Carbamazepine and sulfamethoxazole rejection was analysed with a Shimadzu
HPLC system (Kyoto, Japan) as described in section 4.2.6.
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6.2.6

Membrane characterization

6.2.6.1 Zeta potential
The membrane zeta potential was measured using a SurPASS electrokinetic analyser
(Anton Paar GmbH, Graz, Austria) as described in section 4.2.5.1.
6.2.6.2 Membrane permeability measurement
A stainless steel bench scale dead-end filtration system was used to measure the
membrane permeability. The system specification and the protocol can be found in
section 4.2.5.2.
6.2.6.3 Membrane hydrophobicity measurement
Membrane hydrophobicity was measured by the standard sessile drop method using a
Rame-Hart Goniometer (Model 250, Rame-Hart, Netcong, NJ) as described in
section 4.2.5.3.
6.2.6.4 Surface chemistry
Fourier transform infrared spectroscopy (FTIR) analysis was conducted using a
Shimadzu IRAffinity-1 (Kyoto, Japan) analyser. A detailed description can be found
in section 5.2.5.5.
6.3

Results and discussion

6.3.1

Impact on membrane properties

6.3.1.1 Zeta potential
The charge of all three membranes in their virgin condition becomes more negatively
charged as the solution pH increases due to the deprotonation of the carboxylic and
amide functional groups of the active skin layer (Figure 6.1). The isoelectric point of
the NF270 membrane was at pH 3 and that of the NF90 and TFC-SR100 membranes
was at pH 4 (Figure 6.1). Below the isoelectric point, all three virgin membranes
were slightly positively charged.
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Changes in the membrane charge in response to chemical cleaning were minor and
were membrane and reagent specific (Figure 6.1). Among all formulated cleaning
reagents investigated here, MC3 was the only reagent that led to a small increase in
the negative charge of the NF270 membrane throughout the pH range of 4 to 10
(Figure 6.1a). This is consistent with previous studies, where no significant impacts
in the charge of the NF270 membrane due to NaOH, citric acid, SDS and EDTA
cleaning of various concentrations and temperatures were reported (section 4.3.1.1.
and 5.3.1.1.). In contrast to the NF270 membrane, chemical cleaning resulted in
discernible changes in the surface charge of NF90 and TFC-SR100 membranes
(Figure 6.1b-c). It appears that chemical cleaning can reduce the surface charge
density of the NF90 membrane at both low and high pH (Figure 6.1b). This implies
that, after chemical cleaning, the NF90 membrane was no longer positively charged
below pH 4 and was less negatively charged above pH 8. Similar observations could
be made after the TFC-SR100 membrane was exposed to the PC98 cleaning reagent.
On the other hand, the TFC-SR100 membrane became slightly more negatively
charged after chemical cleaning with the MC11 and MC3 cleaning reagents. These
changes in the membrane surface charge were likely due to the adsorption of the
active ingredients of the cleaning formulations to the membrane polymeric matrix. In
addition, changes in membrane surface characteristics such as surface roughness and
chemistry in response to chemical cleaning might also influence the streaming
potential measurement of the membrane [208]. However, the exact underlying
mechanisms remain unknown and are subject to further inquiry.
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Figure 6.1: Zeta potential of NF270, NF90 and TFC-SR100 before and after being
exposed for 18 hours at 35 ± 1 °C to MC11 (pH 11.2), MC3 (pH 3) and PC98 (pH
11). The measurement was conducted in 1 mM KCl at 20 ± 1 °C. Error bars show the
standard deviation of replicate experiments of three different membrane samples.
6.3.1.2 Hydrophobicity
Changes in the membrane surface hydrophobicity measured by contact angle due to
chemical cleaning are presented in Figure 6.2. In agreementy with other studies, both
the virgin NF270 and TFC-SR100 membranes were hydrophilic, while the NF90 was
slightly more hydrophobic [81, 180]. The hydrophobicity of the NF270 decreased
significantly after chemical cleaning with either the PC98 or MC3 reagents (Figure
6.2a). A small increase in the hydrophobicity of the NF270 after chemical cleaning
with the MC11 reagent could be observed, however, it is noteworthy here that the
virgin NF270 was quite hydrophilic. On the other hand, the hydrophobicity of the
NF90 decreased significantly after exposure to any of the three formulated cleaning
- 113 -

Chapter 6 Impact of cleaning formulations on the nanofiltration of TrOC

reagents used in this study (Figure 6.2b). Among all membranes tested in this study,
changes in the surface hydrophobicity of the TFC-SR100 membrane due to chemical
cleaning were negligible (Figure 6.2c).
The surface hydrophilicity (or wettability) of polyamide membranes depends on
surface properties (e.g. roughness, porosity, chemistry) and on water-associating
chemical groups (e.g. carboxyl and amide groups). Consequently, the hydrophobicity
of polyamide membranes could be related to the surface charge [209]. However, as
discussed in section 6.3.1.1 above, the changes in the membrane surface charge in
response to chemical cleaning were rather negligible. Thus, most of the changes in
the membrane surface hydrophobicity reported here can be attributed to the
adsorption of cleaning components, such as surfactants and metal chelating reagents
of the cleaning formulations used in this study.
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Figure 6.2: Hydrophobicity of NF270, NF90 and TFC-SR100 before and after being
exposed for 18 hours at 35 ± 1 °C to MC11 (pH 11.2), MC3 (pH 3) and PC98 (pH
11). Error bars show the standard deviation of five replicate measurements.
6.3.1.3 Permeability
The impact of formulated cleaning reagents on the membrane permeability is
summarised in Figure 6.3. According to Freger et al. [204], the NF270 membrane
has a very thin active skin layer of approximately 15  40 nm and thus the
permeability of this membrane is most sensitive to chemical cleaning. Chemical
cleaning using the two caustic cleaning formulations PC98 and MC11 resulted in a
significant increase in the permeability of the NF270 membrane. A similar trend,
although much less significant can also be observed with the TFC-SR100 membrane.
On the other hand, the acidic cleaning reagent MC3 caused a small decrease and a
small increase in the permeability of the NF270 and TFC-SR100 membranes,
respectively. Overall, the impact of chemical cleaning on the permeability of the
- 115 -

Chapter 6 Impact of cleaning formulations on the nanofiltration of TrOC

NF90 membrane appeared to be negligible (Figure 6.3). This is because the NF90
has a smaller average pore diameter and possibly a thicker active skin layer amongst
the three membranes studied here. Results summarised in Figure 6.3 are consistent
with a previous study using analytical reagents (such as NaOH, citric acid, SDS, and
EDTA) to simulate chemical cleaning (section 4.3.1.3). When exposing a polyamide
membrane to a caustic solution, the membrane charge density increases negatively
and when subjected to a very strong acidic solution the charge density becomes more
positive. This causes the membrane polymeric matrix to open up and as a result, the
permeability after caustic cleaning increases as shown in Figure 6.3. The adsorption
of surfactants and chelating reagents to the membrane active skin layer in a caustic
condition can further exacerbate the increase in permeability [17]. On the other hand,
the slight flux decline of the NF270 due to MC3 cleaning is likely due to charge
neutralisation in an acidic environment (Figure 6.3a) as suggested in a previous
chapter (section 4.3.1.3). It is noteworthy that the observed increase or decrease in
the membrane hydrophobicity caused by chemical cleaning (section 6.3.1.2) could
also result in a decrease or increase in membrane permeability, respectively [16].
However, in this study, it seems that changes in the membrane porosity induce a
stronger impact on the membrane permeability than those by membrane
hydrophobicity.
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Figure 6.3: Measured permeability (L/m2h bar) of NF270, NF90 and TFC-SR100
membranes before and after being exposed for 18 hours at 35 ± 1 °C to MC11 (pH
11.2), MC3 (pH 3) and PC98 (pH 11). The measurement was conducted with Milli-Q
water at 5 bar and 20 ± 1 °C. Error bar shows the standard deviation of three
replicate experiments.
6.3.1.4 Surface chemistry
In this study, FTIR analyses were conducted on both virgin and chemically cleaned
membranes (Figure 6.4). The most important peaks that could be found for
polyamide membranes are shown in Table 5.1. It is noteworthy that the reported toplayer thickness of the NF270 membrane (15  40 nm) is somewhat thinner than the
average penetration depth of the FTIR beam (< 1 µm) [204]. Therefore, the
characteristic peak of polypiperazinamide at 1630 cm-1 was not found on the NF270
(Figure 6.4a). On the other hand, a polypiperazine-peak was found on the NF90,
since the active top-layer of the NF90 is slightly thicker than that of the NF270
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(Figure 6.4b). The FTIR spectrum of the TFC-SR100 is similar to those of the
NF270, and also includes a polypiperazinamide peak at 1630 cm-1 (Figure 6.4c). This
supports the hypothesis that the TFC-SR100 membrane features a rather thick active
top-layer. In this study, the FTIR spectra of the virgin and chemically cleaned
samples of all three membranes investigated showed no discernible variation in the
chemical bonding structure. This is consistent with a previous study, in which
cleaning reagents (i.e. NaOH, Citric acid, EDTA and SDS) at various temperatures
had no impact on the bonding structure of the NF270 membrane (section 5.3.1.4).
The results shown here suggest that chemical cleaning at the manufacturer‘s
recommended cleaning strength and at a cleaning temperature of 35 °C do not result
in any permanent changes in the bonding structure of polyamide membranes.

Figure 6.4: Measured ATR-FTIR spectra of NF270, NF90 and TFC-SR100
membranes before and after being exposed for 18 hours at 35 ± 1 °C to MC11 (pH
11.2), MC3 (pH 3) and PC98 (pH 11). The resolution was 1 cm-1.
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6.3.2

Impact on rejection

6.3.2.1 Conductivity rejection
The separation of salts by an NF membrane can be governed by both size exclusion
and electrostatic interaction. The latter is strongly influenced by the membrane
surface charge. Because the membrane zeta potential varied substantially as a
function of the solution pH (Figure 6.5), salt rejection (measured by conductivity) by
the virgin NF270, NF90 and TFC-SR100 membranes also varied as a function of the
feed solution pH. The feed solution pH had a significant impact on the conductivity
rejection by both the NF270 and TFC-SR100 membranes (Figure 6.5a and c), since
they both have a relatively large average calculated pore diameter (Table 6.1). On the
other hand, the impact of feed solution pH on the conductivity rejection by the virgin
NF90 was negligible (Figure 6.5b). This is because the NF90 membrane is a tight NF
membrane (Table 6.1) and salt rejection by this membrane is governed mostly by
size exclusion.
It is interesting to note the different conductivity rejection behaviour of the NF270
and TFC-SR100 membranes in response to changes in the feed solution pH.
Conductivity rejection by NF270 decreased as the feed solution pH decreased from
pH 10 to pH 3.5. In contrast, the conductivity rejection by the virgin TFC-SR100
membrane decreased slightly as the pH changed from pH 10 to 8, then increased
considerably as the pH continued to decrease to pH 3.5. The reason for this different
conductivity rejection behaviour between the two membranes is not fully known and
subject of further investigations. However, it is noteworthy that the virgin TFCSR100 membrane is positively charged at pH 4 (Figure 6.1c). Charge interaction
between the positively charged membrane surface and the cations could enhance the
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rejection of these cations and thus partially explain the increase in conductivity
rejection observed in Figure 6.5c.
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Figure 6.5: Conductivity rejection by the NF270, NF90 and TFC-SR100 membrane
before and after being exposed for 18 hours at 35 ± 1 °C to MC11 (pH 11.2), MC3
(pH 3) and PC98 (pH 11). The feed solution contained 1 mM CaCl2, 20 mM NaCl
and 1 mM NaHCO3. Cross-flow velocity, permeate flow and temperature were 23.6
cm/s, 42 L/m2 h and 20 °C, respectively. Error bars show the measured standard
deviation of three replicate experiments with different membrane samples.
Chemical cleaning using caustic formulated cleaning reagents had a significant
impact on the rejection of conductivity by the NF270 membrane. This appeared to be
more severe than that caused by a NaOH solution (at pH 11.5 and 12, which was
slightly higher than the pH of the formulated cleaning reagents investigated here) as
reported in section 4.3.2.1. In our previous study, the impact of surfactants and metal
chelating reagents (i.e. SDS and EDTA) at neutral pH on the membrane separation
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efficiency was negligible (chapter 4). In the current study, it appears that the
adsorption of cleaning additives (i.e. surfactants and chelating reagents) on the
surface and/or pores can exacerbate the impact of caustic cleaning on the separation
efficiency and thus lead to a dramatic increase in the salt transport by the NF270
membrane (Figure 6.5a). It is noteworthy that no discernible impact on conductivity
rejection by NF90 and TFC-SR100 membranes after chemical cleaning could be
observed with either the MC11 or PC98 formulations (Figure 6.5b-c). In addition,
and in contrast to the two caustic cleaning reagents MC11 and PC98, the acidic
cleaning formulation MC3 had only a minor impact on the conductivity rejection of
all three membranes used in this study. Changes in conductivity rejection can be
driven by variations in the membrane surface charge and/or membrane porosity.
Chemical cleaning did not exert any substantial impact on the zeta potential of the
NF270 membrane (Figure 6.1). Thus, the decrease in conductivity rejection of the
NF270 membrane after caustic cleaning observed here could be attributed to an
increase in the membrane porosity. This hypothesis is consistent with the significant
increase in permeability of the NF270 membrane after caustic cleaning (Figure 6.3a).
However, the pore opening mechanism due to caustic cleaning suggested here seems
to depend on the thickness of the membrane skin layer. Once again, the NF270
membrane has a very thin polyamide skin layer while those of the NF90 and TFCSR100 are considerably thicker. In fact, caustic cleaning also did not result in a
significant increase in permeability of either the NF90 or TFC-SR100 membranes. In
addition, the acidic cleaning formulation MC3 had also only a small impact on the
permeability (Figure 6.3a) and thus, on the conductivity rejection by the NF270
membrane (Figure 6.5a).
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6.3.2.2 TrOC rejection
In this study, the impact of chemical cleaning on the rejection of neutral and
ionisable TrOC was investigated using carbamazepine and sulfamethoxazole as the
model compounds, respectively. Within the pH range 4 to 10 examined here,
carbamazepine is a neutral and a moderate hydrophobic compound (Table 4.2). The
feed solution pH slightly affected the carbamazepine rejection by the NF270
membrane (Figure 6.6a), however, not by the NF90 and TFC-SR100 membrane
(Figure 6.6b and c). Sulfamethoxazole is a hydrophilic compound with a pKa of 5.81
and therefore can speciate within the pH range studied here. At pH well above the
pKa, the compound is negatively charged and will be predominantly rejected by
charge-repulsion from negatively charged membranes. At pH well below 5.81, the
sulfamethoxazole molecule is completely protonated and in a neutral form and size
exclusion will be the predominant rejection mechanism. Therefore, and in
comparison to carbamazepine, sulfamethoxazole rejection by virgin NF270 and
TFC-SR100 membranes varies dramatically with the background pH (Figure 6.7a
and c). In contrast, no significant change in sulfamethoxazole rejection due to
variations of the feed pH on the tighter virgin NF90 membrane could be observed
(Figure 6.7b).
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Figure 6.6: Carbamazepine rejection by NF270, NF90 and TFC-SR100 before and
after being exposed for 18 hours at 35 ± 1 °C to MC11 (pH 11.2), MC3 (pH 3) and
PC98 (pH 11). Filtration conditions were as in Figure 6.5. Error bars show the
measured standard deviation of three replicate experiments with different membrane
samples.
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Figure 6.7: Sulfamethoxazole rejection by NF270, NF90 and TFC-SR100 before
and after being exposed for 18 hours at 35 ± 1 °C to MC11 (pH 11.2), MC3 (pH 3)
and PC98 (pH 11). Filtration conditions were as in Figure 6.5. Error bars show the
measured standard deviation of three replicate experiments with different membrane
samples.
The variations in carbamazepine rejection due to chemical cleaning were consistent
with the change in permeability. Among all membranes investigated in this study,
cleaning the NF270 with MC11 and PC98 decreased the rejection of carbamazepine
due to significant pore opening effects (Figure 6.6a). Note that PC98 resulted in a
slightly more significant decrease in the carbamazepine rejection than MC11, which
can be explained by the different chemical compositions of these caustic cleaning
reagents (i.e. chelating reagents and surfactants). On the other hand, charge
neutralisation of the NF270 membrane due to MC3 cleaning increased slightly the
steric hindrance of the membrane and thus, the carbamazepine rejection (Figure
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6.6a). Again, the NF90 and TFC-SR100 membranes have likely a thicker active skin
layer in comparison to the NF270 as discussed in section 6.2.2. Therefore, it might
be expected that chemical cleaning of the NF90 and TFC-SR100 membranes would
have little impact on the carbamazepine rejection in this study (Figure 6.6b and c).
Caustic cleaning (i.e. MC11 and PC98) had a notable effect on the rejection of
sulfamethoxazole by the NF270 membrane, particularly below pH 8 (Figure 6.7a).
As discussed above, at low pH, sulfamethoxazole is neutral and thus size exclusion is
the main rejection mechanism. Above pH 8, the compound is predominantly
negatively charged and charge repulsion appears to be the dominant rejection
mechanism. As a result, changes in the membrane porosity did not affect the
sulfamethoxazole rejection by the NF270 membrane (Figure 6.7a). The results
reported here regarding the impact of caustic cleaning formulations on
sulfamethoxazole rejection are consistent with the previous studies (i.e. section
4.3.2.2 and 5.3.2.2). In these chapters, no discernible effect of chemical cleaning on
the sulfamethoxazole separation by the NF270 membrane above a solution pH of 8,
by analytical NaOH, citric acid, SDS, and EDTA at various concentrations and
temperature of up to 50 °C was found. No discernible variation in either the neutral
or negatively charged sulfamethoxazole rejection by the NF90 and TFC-SR100
membranes due to chemical cleaning could be observed (Figure 6.7b-c). In good
agreement with the rejection data for conductivity and carbamazepine, the acidic
cleaning formulation MC3 had the smallest impact on the rejection of
sulfamethoxazole by all three membranes investigated here (Figure 6.7).

6.3.3

Effects of chemical cleaning sequence

Results from the previous sections suggest that caustic cleaning formulations can
exert a considerable impact on the permeability and separation capacity of NF
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membranes, particularly those with a thin active skin layer such as the NF270. The
increase in permeability and the decrease in conductivity and TrOC rejection after
caustic cleaning observed in this study were most likely driven by conformational
changes of the polyamide active skin layer. These conformational changes of the
polyamide active skin layer can be described by a simplified schematic diagram as
shown in Figure 6.8. When the membrane is exposed to a high pH cleaning solution,
electrostatic interactions amongst the deprotonated (and thus negatively charged)
carboxylic functional groups of the polyamide active skin layer can result in the
swelling of the membrane polymeric matrix. The swelling caused at a high pH
cleaning condition leads to a significant enlargement of the membrane pore volume
or porosity. When the membrane is returned to operation, exposed to a near neutral
pH (i.e. pH 7) solution, functional groups at the membrane surface can re-protonate
and caustic cleaning only cause small or very minor changes in the zeta potential of
the membrane surface as reported previously in section 6.3.1.1. However, the active
skin layer immediately underneath the membrane surface can experience a hysteresis
condition, similar as it was observed to happen due to elevated cleaning temperatures
[185]. Due to this hysteresis effect, over a long time scale, the porosity of the
membrane active skin layer decreases and returns to the normal value. In other
words, a more open surface structure of the membrane, due to strong caustic
cleaning, remains in place in a steady state condition, resulting in a higher membrane
permeability and solute passage as shown in the previous sections. On the other
hand, because the polyamide membranes have an isoelectric point at approximately
pH 3, acidic cleaning at this pH can result in charge neutralisation. Therefore, the
impact of acidic cleaning on both permeability and solute separation efficiency is
rather insignificant (sections 6.3.1.3 and 6.3.2). However, it is hypothesized that
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acidic cleaning immediately after caustic cleaning can help to remove the above
mentioned hysteresis effect. To evaluate this hypothesis, a short acidic cleaning
procedure of either 2 or 4 hours was performed using the acidic MC3 cleaning
formulation immediately after caustic cleaning using the MC11 formulation (Figure
6.9 and 6.10). As discussed above, cleaning the NF270 for 18 hours with MC11
increased the permeability, salt and TrOC passage. Subsequent acidic cleaning with
MC3 for 2 hours fully recovered the permeability to the value obtained with a virgin
membrane sample, as shown in Figure 6.9. The rejection of conductivity,
carbamazepine and sulfamethoxazole was also substantially restored (Figure 6.10).
When the acidic cleaning duration with MC3 was increased to 4 hours, the rejection
of both conductivity and TrOC were fully recovered (Figure 6.10). The results
reported here confirm that the sequence of caustic following by acidic cleaning can
be used to minimise the impact of chemical cleaning on the performance of
polyamide NF membranes.
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Figure 6.8: Schematic drawing of a membrane top layer density as a function of the
membrane charge (i.e. background pH).
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Figure 6.9: Measured permeability (L/m2 h bar) of the NF270 membrane before and
after being exposed for 18 hours at 35 ± 1 °C to MC11 (pH 11.2) and then being
subsequently recovered with MC3 (pH 3) for 2 and 4 hours. The measurement
conditions were as in Figure 6.3. Error bars show the measured standard deviation of
three replicate experiments with different membrane samples.
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Figure 6.10: Rejection of conductivity, carbamazepine and sulfamethoxazole by the
NF270 before and after being exposed for 18 hours at 35 ± 1 °C to MC11 (pH 11.2)
and then being subsequently recovered with MC3 (pH 3) for 2 and 4 hours. Filtration
conditions were as in Figure 6.5. Error bars show the measured standard deviation of
three replicate experiments with different membrane samples.
6.4

Conclusion

The impact of chemical cleaning on the surface properties and permeability of an NF
membrane as well as its conductivity and TrOC rejection has been shown to depend
on the properties of both the membrane itself and the chemical cleaning formulation.
The influence of chemical cleaning on the membrane properties and separation
efficiency was most severe for NF270 because it is a loose NF membrane with a very
thin active skin layer. Caustic cleaning using either the MC11 or PC98 formulations
led to a significant increase in the permeability and a considerable decrease in the
rejection of both conductivity and TrOC by the NF270 membrane. In contrast, acidic
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cleaning using the MC3 formulation caused a small decrease in the permeability of
the NF270 membrane. Overall, the changes in permeate flux due to chemical
cleaning were in good agreement with the changes in the rejection of both
conductivity and TrOC. The influence of chemical cleaning on the NF90 and TFCSR100 membranes was much less significant, possibly because of their thicker active
skin layer. Changes in membrane surface charge and hydrophobicity caused by
chemical cleaning formulations observed in this study were attributed to the
adsorption of cleaning additives (i.e. surfactants and chelating reagents) to the
membrane polymer. It is probable that the impact of chemical cleaning on
permeability and separation efficiency was driven mostly by conformational changes
of the polymeric matrix of the membrane active skin layer in response to an extreme
caustic or acidic environment. Chemical cleaning did not cause any significant
permanent damage to the membrane. FTIR analyses of the virgin and cleaned
membranes showed no discernible impact of chemical cleaning on the bonding
structure of all three membranes. The negative impact caused by caustic cleaning
was fully reversed by a subsequent acidic cleaning procedure. Based on the results
reported here, a chemical cleaning sequence of caustic followed by acidic is
recommended to minimise the adverse impact of chemical cleaning on the
performance of NF membranes.
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CHAPTER 7
7IMPACT OF CLEANING FORMULATIONS ON THE MEMBRANE PORE
SIZE AND THE NANOFILTRATION OF MULTIPLE TROC
This chapter has been submitted as:
Simon, A., Price, W.E., Nghiem, L.D. Effects of caustic cleaning on pore size of
nanofiltration membranes and their rejection of trace organic chemical, Journal of
Membrane science (2013) Accepted manuscript.

____________________________________________________________________

7.1

Introduction

Membrane applications such as RO/ NF are believed to effectively remove TrOC in
one single process step [6]. However, the removal efficiency of some TrOC by
NF/RO is a complex process to predict, since it is governed by steric hindrance (sizeexclusion), adsorption and/or electrostatic interaction (charge-exclusion). In full
scale applications, these removal mechanisms can be impacted by both membrane
fouling and periodically chemical cleaning [59]. However, few studies have
investigated to date the impact of cleaning formulations on the removal mechanisms
of a range of health concerning TrOC by NF/RO filtration [18].
Commonly used membrane cleaning reagents include acidic, caustic, surfactants and
metal chelating reagents, which are often used in a combination or in sequence to
effectively restore the membrane performance. Among these cleaning reagents,
caustic reagents have often been identified to affect the membrane performance [17,
148]. This phenomenon has been explained previously (section 6.3.3) by
conformational rearrangements of polymeric chains in the membrane skin layer
(membrane swelling) as a response to chemical cleaning. Due to hysteresis, the
polyamide chains might not return immediately to their former position when
exposing the cleaned membranes in feed solutions with a natural pH (i.e. pH 5  8).
Moreover, surfactants and metal chelating reagents can amplify the impact of caustic
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cleaning by becoming adsorbed and/or complexed to the membrane polymer [17]. In
fact, chemical cleaning formulations, which contain usually a range of cleaning
additives (i.e. surfactants and metal chelating reagents), have often been observed to
recover the membrane flux above 100% [16, 17, 95].
The aim of this study is to explore the impact of four caustic cleaning formulations
on the pore size and the rejection of neutral hydrophilic, neutral hydrophobic and
negatively charged TrOC of two different NF membranes. These caustic cleaning
formulation are usually used to control organic fouling, which is the predominant
type of membrane fouling in water-reuse and surface water filtration applications
[90]. Chemical cleaning was simulated by exposing virgin membrane samples to two
caustic commercial cleaning formulations and two sodium hydroxide cleaning
solutions containing EDTA or SDS. Changes in the membrane properties, such as the
average pore size, hydrophobicity and permeability, were systematically correlated to
the variations in salt and TrOC rejection and to the physicochemical properties of the
TrOC.
7.2

Materials and methods

7.2.1

Representative membranes

The thin-film composite nanofiltration membranes NF270 and NF90 (Dow FilmTec,
Minneapolis, MN, USA) were used in this study. A more detailed description of both
membranes can be found in section 6.2.2.

7.2.2

Representative cleaning reagents

The commercially available caustic cleaning formulations MC11 (IMCD, Mulgrave,
VIC, Australia) and PC98 (NALCO, Botany, NSW, Australia) were used in this
study. A detailed description of these chemicals can be found in section 6.2.1.
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Two additional caustic cleaning formulations were also prepared using analytical
grade chemicals to obtain 5.4 mM EDTA or 10 mM SDS in a NaOH solution at pH
11.5. These two analytical grade caustic cleaning solutions were designated as
NaOH+SDS and NaOH+EDTA. It is noteworthy that no specifications from
membrane manufacturers regarding the concentration limits of surfactants or metal
chelating reagents in cleaning solutions can be found in the literature despite their
common use as key ingredients in commercial cleaning formulations. The optimum
concentration of EDTA has been reported to be in the range between 1 and 10 mM
while that of SDS was reported to be above the critical micelle concentration of the
compound (8.36 mM) [149, 153].

7.2.3

Model trace organic contaminants

A set of 35 TrOC with molecular weight ranging from 138 to 376 Daltons and a wide
range of physicochemical properties was used for this study (Table 7.1). These
compounds were purchased from Sigma Aldrich (Castle Hill, NSW, Australia) as
analytical standards. Based on their physicochemical properties, these TrOC can be
classified into three groups: neutral hydrophilic (log D < 3), neutral hydrophobic (log
D ≥ 3), and negatively charged (Table 7.1). A stock solution containing 5 mg/L of
each TrOC was prepared with methanol, stored at  18 °C in the dark, and was used
within 1 month. The chemical structures of these contaminants are shown in the
appendix.
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Table 7.1: Key physical-chemical properties of selected TrOC according to
SciFinder Scholar.

Chemical
Formulaa

MWa
(Dalton)

Equivalent
width
(nm)b

Log D
at pH 8

Paracetamol

C8H9NO2

151.16

0.60

0.33

9.86; 1.72

Triamterene
Caffeine
Estriol
Androstenedione

C12H11N7
C8H10N4O2
C18H24O3
C19H26O2

253.26
194.19
288.4
286.4

0.61
0.70
0.70
0.74

1.15
−0.13
2.94
2.9

Carbamazepine

C15H12N2O

236.27

0.76

1.89

Atrazine

C8H14ClN5

215.68

0.79

2.63

Primidone

C12H14N2O2

218.25

0.79

0.4

Dilantin
Fluoxetine

C15H12N2O2
C17H18F3NO

252.27
309.22

0.80
0.85

2.36
1.91

Meprobamate

C9H18N2O4

218.25

0.86

0.7

Trimethoprim
Omeprazole

C14H18N4O3
C17H19N3O3S

290.32
345.42

0.88
0.92

0.73
2.33

-1.2; 6.28
0.73
10.25
8.78
13.94;
−0.49
2.35
12.26;
−1.07
8.33; −2.81
10.05
13.09;
−1.09
1.32; 7.45
4.72; 8.78

Testosterone
Triclosan
Etiocholanolone
Androsterone

C19H28O2
C12H7Cl3O2
C19H30O2
C19H30O2

288.4
289.54
290.4
290.4

0.63
0.64
0.65
0.65

3.47
4.76
3.75
3.93

Linuron

C9H10Cl2N2O2

249.09

0.70

3.2

17a-estradiol
17b-estradiol
Estrone
t-Octylphenol
17aethynylestradiol
Clozapine
Amitriptyline

C18H24O2
C18H24O2
C18H22O2
C14H22O

272.4
272.4
270.4
206.32

0.74
0.74
0.76
0.84

4.15
4.13
3.68
4.93

15.06
7.8
15.13
15.14
12.13;
−1.04
10.27
10.27
10.25
10.15

C20H24O2

296.4

0.85

4.1

10.24

C18H19ClN4
C20H23N

326.28
277.4

0.90
0.92

3.8
3.72

7.33
9.18

Salicilic Acid
Ibuprofen
Sulfamethoxazole
Naproxen
TCEP
Gemfibrozil
Diclofenac
DEET
Ketoprofen
Enalapril

C7H6O3
C13H18O2
C10H11N3O3S
C14H14O3
C9H15O6P
C15H22O3
C14H11Cl2NO2
C12H17NO
C16H14O3
C20H28N2O5

138.12
206.28
253.28
230.25
250.91
250.33
296.14
191.27
254.28
376.45

0.26
0.64
0.64
0.76
0.78
0.78
0.78
0.81
0.83
1.24

-1.14
0.36
−0.9
−0.06
-5.97
1.26
0.57
1.96
−0.64
-0.45

3.01
4.41
5.81; 1.39
4.84
4.05
4.75
4.18; −2.25
−1.37
4.23
3.15; 5.43

Negatively charged

Neutral hydrophobic

Neutral hydrophilic

Compound

a

Calculated using Molecular Modelling Pro
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7.2.4

Filtration protocol

A laboratory-scale cross-flow and stainless-steel NF/RO filtration system was used
for filtration tests. The detailed specification can be found in section 4.2.3.
Prior to each experiment, the membrane samples were rinsed with Milli-Q water to
remove any protective chemicals. They were then compacted for one hour with
Milli-Q water at 18 bar. To determine the rejection of TrOC, 10 litre of a background
electrolyte solution containing 1 mM CaCl2, 20 mM NaCl and 1 mM NaHCO3 (pH =
8) was used. The stock solution of TrOC was added to the feed solution to obtain
approximately 750 ng/L of each compound. The filtration was then conducted at a
permeate flux, temperature and cross-flow velocity of 42 L/m2h, 20 ± 0.1 °C and
23.6 cm/s, respectively. Permeate and feed samples (500 mL each) were collected for
analysis after 1 and 24 h of filtration. The observed rejection (Rob) is calculated by:

R ob = 1 -

cp

Eq. 8

cf

Where cf and cp are the solute concentration in the feed and permeate solution,
respectively.

7.2.5

Cleaning simulation protocol

Chemical cleaning was simulated by exposing the virgin membrane samples for 18
hours to the cleaning solutions. The simulated cleaning was conducted at 35 ± 1 °C
and the temperature was controlled with a water bath. A detailed protocol can be
found in section 4.2.4.

7.2.6

Trace organic analyses

The analysis of the TrOC was based on a previously developed analytical method
involving a solid phase extraction (SPE) procedure and subsequent determination
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using a liquid chromatography tandem mass spectrometry (LC-MS/MS) system
[210]. Prior to the SPE procedure, all samples were spiked with a surrogate solution
containing 50 ng of an isotopically labelled version of each analyte. The analytes
were extracted using 5 mL, 200 mg hydrophilic/lipophilic balance (HLB) cartridges
(WAT106202, Oasis, Ohio, USA). The SPE cartridges were preconditioned by
rinsing with 5 mL of tert-butyl methyl ether, 5 mL of methanol and 5 mL of Milli-Q
water. Sample extraction was carried out at a flow rate of approximately 3 mL/min.
Subsequently, the SPE cartridges were rinsed with 5 mL Milli-Q water and dried for
30 min using high purity nitrogen. The loaded cartridges were stored in a sealed
plastic bag at  18 °C in the dark until elution for LC-MS/MS analysis. The LCMS/MS system consisted of an Agilent (Palo Alto, CA, USA) 1200 series HPLC
system, which was equipped with a Luna C18 (Phenomenex, Torrence, CA, USA)
column and an API 4000 triple quadruple mass spectrometer (Applied Biosystems,
Foster City, CA, USA).

7.2.7

Membrane characterisation

7.2.7.1 Contact angel
A Rame-Hart Goniometer (Model 250, Rame-Hart, Netcong, NJ) was used for the
contact angle measurement. The detailed protocol can be found in section 4.2.5.3.
7.2.7.2 Membrane permeability
A bench scale dead-end filtration system was used to measure the permeability of
virgin and cleaned membrane. A detailed description of this system can be found in
section 4.2.5.2.

- 137 -

Chapter 7 Impact of cleaning formulations on the membrane pore size and the nanofiltration of
multiple trace organics

7.2.7.3 Estimating the average membrane pore radius
Analytical grade dextrose, xylose, erythritol and dioxane were purchased from Sigma
Aldrich (Castle Hill, NSW, Australia) and used as reference organic solutes to
determine the membrane pore size (Table 7.2). These are hydrophilic organic
compounds and thus they do not adsorb to the membrane. Prior to the filtration tests,
the membranes were compacted at 18 bars until the flux reached a stable value. The
Milli-Q water used for compaction was replaced with 10 L Milli-Q water containing
a reference organic solute at a concentration equivalent to 80 mg/L of total organic
carbon (TOC). The filtration experiment was then conducted at 4, 6, 8, 10 and 12
bar. At each pressure, the system was stabilized for at least 1 hour prior to the
collection of feed and permeate samples (25 mL) for TOC analysis using a Shimadzu
TOC VCSH Analyser.
Table 7.2: Properties of organic tracers.
Organic tracer
Dioxane
Erythritol
Xylose
Dextrose
a

MW
88
120
150
180

Stokes radius (nm)
0.234
0.263
0.290
0.324

a

Diffusivity (10 -1 0 m 2 /s)
9.1
8.1
7.4
6.6

a

Reference: [82].

The average pore radius of virgin and chemically cleaned membrane was determined
from the rejection data of the reference solutes and the pore transport model that
incorporates hindered convection (size exclusion) and diffusion. This method has
been widely used to determine the average pore size of nanofiltration membranes
[82, 211, 212]. It is assumed in the pore transport model that the membrane pores are
uniform and cylindrical and the solutes are spherical. Thus, the solute ratio (rs) to
pore size (rp),  = rs rp , is associated to the partition coefficient  as:
- 138 -

Chapter 7 Impact of cleaning formulations on the membrane pore size and the nanofiltration of
multiple trace organics

 = (1 -  ) 2

Eq. 9

The real rejection (Rr) can be expressed as a function of the Peclet number (Pe,
which is the ratio of advection and diffusion of a flow in a pore of a characteristic
length) and the convective hindrance factor ( K c ) for spherical solutes:



K c

R r  1 - 
 1 - (1 - K c )  exp(-Pe) 

Eq. 10

K c can be calculated from λ and the detailed derivation is available elsewhere

[213]. The real rejection can be calculated from the observed rejection (Rob) value by
taking into account the concentration polarisation phenomenon using the thin-film
theory. Rr can be expressed as a function of the solute concentration on the
membrane surface (cm) and permeate (cp), or the measured solvent flux (Jv), the mass
transfer coefficient (kf) and Rob:

J 
R ob  exp  v 
c
 kf 
Rr = 1- p 
cm
J 
R ob  exp  v  - R ob  1
 kf 

Eq. 11

In this study, the mass transfer coefficient (kf) was determined experimentally based
on the variation of the membrane flux caused by the addition of a salt solution to a
pure water feed [214]. Because the net driving pressure is influenced by the osmotic
pressure of the feed solution established on the membrane surface, changes in the
permeate flux allows for the determination of the salt concentration on the membrane
surface and subsequently the mass transfer coefficient kf. Filtration experiments were
conducted at a cross-flow velocity and solution temperature of 23.6 cm/s and 20 ±
1 °C, respectively. Firstly, the volumetric water flux (J v (water)) was measured using
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Milli-Q water. Subsequently NaCl was added to the feed reservoir to obtain 2000
mg/L and the solute flux (Jv (salt)) was measured. This procedure was conducted at
two different applied pressures ( P ) 10 and 14 bar. Knowing the salt concentration
of the feed and permeate (and thus, the osmotic pressure of the feed (  f ) and the
permeate (  p )), the mass transfer coefficient can be calculated by [214]:

kf =

J v (salt)
 P
ln 
  f   p


J
1  v (salt)
 J
v (water)


Eq. 12






7.3

Results and discussion

7.3.1

Impact of caustic cleaning formulations on membrane properties

7.3.1.1 Membrane permeability
Exposure to caustic cleaning formulation resulted in a considerable increase in the
permeability of the NF270 membrane. A smaller but still notable increase in the
permeability of the NF90 membranes could also be observed as a result of caustic
cleaning (Figure 7.1). The significant increase in the permeability of the NF270 can
possibly be attributed to its larger membrane pore size and much thinner active skin
layer in comparison to the NF90 membrane. In fact, the active skin layer thickness of
the NF270 and NF90 membrane is 21 ± 5 nm and 218 ± 40 nm, respectively [215].
Results in Figure 7.1 are in good agreement with the literature, which reported that a
combination of EDTA and/or SDS and caustic cleaning could lead to permeate flux
recovery of more than 100% [16, 17, 95].
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Figure 7.1: Permeability of virgin and cleaned NF270 and NF90 membranes before
and after being exposed for 18 hours at 35 ± 1 °C to MC11 (pH 11.2), PC98 (pH 11),
NaOH+SDS (pH 11.5) and NaOH+EDTA (pH 11.5). The measurement was
conducted with Milli-Q water at 5 bar and 25 ± 1 °C. Error bars show the measured
standard deviation of three replicate experiments with different membrane samples.
Two mechanisms can be responsible for the increase in permeability after exposing
the NF membranes to a caustic cleaning solution. Li and Elimelech [95] conducted
cleaning experiments of the NF270 membrane fouled with humic acids using EDTA
and SDS at pH 11 and reported a slightly over 100% permeate flux recovery. The
authors postulated that the residual EDTA or SDS on the membrane surface could
render the membrane more hydrophilic, leading to a permeate flux value slightly
higher than that of the virgin membrane. Variation in the membrane permeability due
to chemical cleaning can also be driven by conformational changes in the polymeric
matrix of the membrane active skin layer. Previous study (section 6.3.3) suggested
that, when exposed to a strong caustic cleaning solution, the functional groups (i.e.
COOH and NH) can further protonate to form more negatively charged moieties
within the membrane active skin layer. Therefore, enhanced electrostatic interaction
amongst

these

negatively

charged

moieties

could

cause

conformational

rearrangements of the polyamide structure resulting in an increase in pore size and/or
- 141 -

Chapter 7 Impact of cleaning formulations on the membrane pore size and the nanofiltration of
multiple trace organics

membrane porosity. Due to hysteresis, a considerable increase in permeability after
caustic cleaning could be observed, particularly if the membrane has a very thin
active skin layer (section 6.3.3). This study simultaneously examined the impact of
caustic cleaning on the membrane surface hydrophilicity and pore size and the results
are presented in the next two sections.
7.3.1.2 Surface hydrophobicity
Chemical cleaning using the four cleaning formulations induced a notable influence
on hydrophobicity (or contact angle) of the surface of the NF270 and NF90
membranes (Figure 7.2). The observed changes in the surface hydrophobicity were
dependent on the initial contact angle of the virgin membrane and composition of the
chemical cleaning formulation. Chemical cleaning with the PC98 and NaOH+SDS
formulations resulted in a significant decrease in the contact angle of both the NF270
and NF90 membranes. The PC98 formulation contained amphoteric surfactants, thus,
the decrease in the contact angle of the membrane surface observed in Figure 7.2
could be attributed to the adsorption of surfactant onto the membrane surface. By
contrast, when the NF270 and NF90 membranes were exposed to the MC11 and
NaOH+EDTA cleaning formulations, which do not contain any surfactants, the
impact on the membrane surface hydrophobicity was not significant. A small but
discernible increase in the surface hydrophobicity of the NF270 membrane can be
observed as a result of exposure to the MC11 and NaOH+EDTA cleaning
formulations. On the other hand, because the virgin NF90 is moderately
hydrophobic, only a small decrease in hydrophobicity of the NF90 membrane was
observed.
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Figure 7.2: Contact angle of virgin and cleaned NF270 and NF90 membranes before
and after being exposed for 18 hours at 35 ± 1 °C to MC11 (pH 11.2), PC98 (pH 11),
NaOH+SDS (pH 11.5) and NaOH + EDTA (pH 11.5). The error bars show the
standard deviation of five applied droplets on the membrane surface.
7.3.1.3 Membrane pore size
To determine the membrane average pore size, real rejection (Rr) of each reference
organic solute was calculated from observed rejection after taking into account the
concentration polarisation effects (Eq. 4) and the mass transfer coefficient (Eq. 5).
Because the model parameters K c and Pe/J v are uniquely related to the real
rejection, they can be determined by fitting the real rejection data to the model (Eq.
3) using an optimisation program (Solver, Microsoft® Excel) (Figure 7.3). The
parameters K c and Pe/J v are a function of the variable λ (ratio of solute radius to
membrane pore radius, rs/rp). Thus, the membrane pore radius was calculated from
the λ value for each reference solute used in this study. The average pore radii of the
NF270 and NF90 membranes in virgin condition and after exposure to the caustic
cleaning formulation MC11 at 35 ºC over 18 h are presented in Table 7.3. In this
study, the estimated average pore radius of the virgin NF270 was 0.38 nm while that
of the virgin NF90 was 0.31 nm (Table 7.3). It is noteworthy, that a previous study
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[82] estimated different pore sizes for the virgin NF270 and NF90 membrane (Table
6.1), which was likely due to different preconditioning protocols. While the authors
of the previous work stored both membranes in deionized water at 4 °C prior for
filtration, the membranes were soaked at 35 °C in Milli-Q water in the current study.
As shown before (section 5.3.2), solution temperature can significantly affect the
membrane pore size. The pore size of membrane samples exposed to the MC11
cleaning formulation was also determined to evaluate the effect caustic cleaning on
the membrane surface porosity. Exposure to the MC11 cleaning formulation resulted
in a small increase in the average pore radius of the NF270 membrane. By contrast,
the MC11 formulation did not result in any significant variation in the pore size of
the NF90 membrane. These results are consistent with the changes in the membrane
permeability and surface hydrophobicity reported above. Indeed, the observed trend
in the average pore size of the NF270 after MC11 cleaning (although still being
within the estimated standard deviation) could explain the significant increase in the
membrane permeability after caustic cleaning. On the other hand, because the
average pore size of the NF90 membrane was not affected by caustic cleaning, the
small increase in permeability of the membrane after exposure to the caustic cleaning
formulation can be explained by an increase in the membrane surface hydrophilicity
(Figure 7.2). In addition, the opening of pores smaller than the average pore size
could also have affected the increase in the membrane permeability of both
membranes.
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Figure 7.3: Real rejection as a function of the permeate flux. a) Virgin NF270, b)
NF270 cleaned with MC11, c) Virgin NF90, d) NF90 cleaned with MC11. The
symbols represent the real rejection obtained from the experiment, whereas, the solid
line represents the fitted pore-transport model. Milli-Q water, which contained 80
mg/L of organic tracer (as TOC) was used as feed solution. Cross-flow velocity, pH
and temperature were 23.6 cm/s, pH 6 and 20 ± 0.1 °C, respectively.
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Table 7.3: Average pore radius of the NF270 and NF90 membranes before and after
exposure to the MC11 cleaning formulation.
Pore radius (nm)

Dextrose
Xylose
Erythritol
Dioxane
Average pore
radius (nm)
Standard
deviation (nm)

7.3.2

Virgin
NF270
0.37
0.37
0.38
0.39

NF270 after
exposure to MC11
0.37
0.43
0.37
0.41

Virgin
NF90
−
0.29
0.31
0.34

NF90 after
exposure to MC11
−
0.30
0.29
0.31

0.38

0.40

0.31

0.30

0.01

0.03

0.03

0.01

Impact of caustic cleaning formulations on rejection

7.3.2.1 Conductivity
Caustic chemical cleaning led to a significant decrease in salt rejection (measured by
conductivity) by the NF270 membrane, whereas no impact on the conductivity
rejection by the NF90 membrane was found (Figure 7.4). These results are consistent
with the impact of caustic cleaning with the MC11 reagent on the average pore size
of both the NF270 and NF90 membrane reported in the previous section. Steric
hindrance and electrostatic interactions can govern the rejection of ionic solutes by
NF membranes [207]. In good agreement with previous studies (section 4.3.1.1 and
6.3.1.1), the impact of caustic cleaning on the surface charge (zeta potential) of both
membranes (data not shown) and thus, electrostatic interaction between ionic solutes
and the membrane surface, was insignificant. As a result, any changes in
conductivity rejection due to caustic chemical cleaning could be due to variation in
the membrane pore size. In other words, the significant decrease in conductivity
rejection by the NF270 membrane after exposing to caustic cleaning formulation
may be due to the enlargement in its pore size as reported in section 7.3.1.3. Because
chemical cleaning did not result in any significant impact on the pore size of the
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NF90 membrane (section 7.3.1.3), no discernible variations in conductivity rejection
by the NF90 membrane could be observed after the membrane was exposed to
various caustic cleaning formulations. It appears that the impact of caustic cleaning
formulation was dependent not only on the cleaning pH but also ingredients of the
cleaning formulations. Indeed, the four cleaning formulations caused slightly
different effects on conductivity rejection by the NF270 membrane (Figure 7.4).
100

Conductivity rejection (%)

Virgin membrane
80
60
40

cleaned with
MC11
PC-98
NaOH+SDS
NaOH+EDTA

20
0
NF270

NF90

Figure 7.4: Conductivity rejection of virgin and cleaned NF270 and NF90
membranes before and after being exposed for 18 hours at 35 ± 1 °C to MC11 (pH
11.2), PC98 (pH 11), NaOH+SDS (pH 11.5) and NaOH+EDTA (pH 11.5). The feed
solution contained 1 mM CaCl2, 20 mM NaCl and 1 mM NaHCO3. Cross-flow
velocity, permeate flow and temperature were 23.6 cm/s, 42 L/m2 h and 20 ± 0.1 °C,
respectively. The Error bars show the measured standard deviation of three replicate
experiments with different membrane samples.
7.3.2.2 Neutral hydrophilic TrOC
The membrane porosity and the MW of the TrOC predominantly governed the
rejection of hydrophilic neutral TrOC (log D < 3) by the NF270 and NF90
membranes. However, the rejection of TrOC can also be influenced by their
molecular dimensions [68, 72, 216]. Therefore, the equivalent width (defined as
√ ⁄ , where S is the surface of rectangle of minimum area enclosing the projection
of the molecule on the plane perpendicular to the length-axis) of the TrOC was used
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in this study to compare their rejection values by the NF270 and NF90 membranes.
As shown in Figure 7.5, the equivalent width of the selected neutral hydrophilic
TrOC ranged from 0.60 to 0.93 nm and the rejection of this group of TrOC by NF
increased with their equivalent width by steric hindrance.
Caustic cleaning formulations led to a significant decrease in the rejection of neutral
hydrophilic TrOC by the NF270 membrane (Figure 7.5a), consistent with section
6.3.2.2 . As discussed before, the NF270 membrane is sensitive to chemical cleaning
due to its very thin and loose active skin layer. Therefore, caustic chemical cleaning
could affect the average pore size of the NF270 membrane, causing significant
variation in the rejection of neutral hydrophilic TrOC (Figure 7.5a). By contrast,
caustic cleaning had no impact on the average pore size and consequently rejection
of neutral-hydrophobic TrOC by the NF90 membrane (Figure 7.5b) because of its
thicker active skin layer (section 7.3.1.3). In addition, for the NF270 membrane, the
effect of caustic cleaning on the rejection of TrOC was more significant as their
equivalent width decrease. For example, the decrease in rejection of caffeine and
estriol by the NF270 due to caustic cleaning was more severe than that of
trimethoprim and omeprazole (which have a larger equivalent molecular width than
the former two compounds) (Figure 7.5a). It is probable that the increase in pore size
of the NF270 membrane due to caustic chemical cleaning affects the convection
transport of molecules with small equivalent width. This hypothesis is also consistent
with the notable increase in the membrane permeability of the NF270 membrane
after exposing to caustic cleaning formulations (Figure 7.1).
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Figure 7.5: Rejection of neutral hydrophilic TrOC (Log D ˂ 3) after 24 h of filtration as a function of the compounds equivalent width by the
virgin and cleaned a) NF270 and b) NF90 membrane. Filtration conditions were as in Figure 7.4.
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7.3.2.3 Hydrophobic TrOC
As shown in Figure 7.7 and explained with Figure 7.6, at the beginning of the
filtration process (i.e. after 1 h of filtration), adsorption of neutral hydrophobic TrOC
(i.e. Log D ≥ 3) to the NF270 membrane could contribute to their overall removal
efficiency. However, as the membrane became saturated and the available adsorption
bonding sites on the NF270 membrane for these neutral hydrophobic TrOC
diminished, the rejection of neutral hydrophobic TrOC after 24 h of filtration
decreased as the diffusion rate through the NF270 membrane increased. The
concentrations of all hydrophobic TrOC in the feed solution were also considerably
decreased after 24 h of filtration (data not shown), which was in good agreement
with the literature and indicated the adsorption of these compounds to the membrane
[61, 81, 82].
a) After 1 h of filtration

b)

After 24 h of filtration

Reduced adsorption due
to loss of adsorption sites

Adsorption of
hydrophobic TrOC to
the membrane

Increased passage
(convective) of
hydrophobic TrOC
through the membrane
due to reduced
adsorption

Passage (convective)
of hydrophobic TrOC
through the membrane

Figure 7.6: Relation adsorption/convection of TrOC to the NF270 after a) 1 h of
filtration and b) 24 h of filtration.
Of the three groups of TrOC investigated here (i.e. neutral hydrophilic, neutral
hydrophobic and negatively charged), caustic cleaning had the most significant
impact on the rejection of neutral hydrophobic TrOC by the NF270 membrane
(Figure 7.7). It is noteworthy that the impact of caustic cleaning on rejection of a
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number of hydrophobic TrOC by the NF270 membrane was only marginal after one
hour of filtration. On the other hand, after 24 h of filtration, the rejection of all
hydrophobic TrOC decreased considerably. This phenomenon can be explained by
the high initial adsorption rate of hydrophobic TrOC to the membrane polymer,
resulting in high retention of these TrOC, regardless of any changes in the membrane
pore size due to chemical cleaning. However, after 24 h of filtration, the rejection of
these hydrophobic TrOC by the NF270 membrane was predominantly controlled by
size exclusion and the increase in the average membrane pore size of the NF270
membrane in response to the caustic formulated cleaning led to a substantial decrease
in the neutral hydrophobic TrOC rejection. In addition, the increase in the membrane
hydrophilicity (Figure 7.2) and/or pore size (Table 7.3) following caustic cleaning
can impact the rate of adsorption and the total possible mass adsorption of TrOC to
the NF270 membrane, which could also explain the observed enhanced diffusion of
hydrophobic TrOC through the membrane after 24 h of filtration (Figure 7.7b) [62,
79]. No impact of chemical cleaning on the rejection of hydrophobic TrOC by the
NF90 membrane was found in this study (data not shown), which was also consistent
with the little or no variation in the pore size.
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Figure 7.7: Rejection of neutral hydrophobic TrOC (Log D ≥ 3) as a function of the compounds equivalent width by the virgin and cleaned
NF270 membrane after a) one hour and b) 24 h of filtration. Filtration conditions were as in Figure 7.4.
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7.3.2.4 Negatively charged TrOC
The rejection of negatively charged TrOC (negatively charged in aqueous solutions
at pH above their pKa values) is governed by size and charge exclusion [68]. Because
both the NF90 and NF270 membranes are also negatively charged under normal pH
conditions (i.e. pH 6  9) due to acidic functional groups in the membrane polymer
(section 6.3.1.1), they reject negatively charged TrOC by not only size exclusion but
also electrostatic repulsion. Consequently, the rejection of negatively charged TrOC
by the NF270 and NF90 membrane was the highest among the three groups of TrOC
(i.e. neutral hydrophilic, neutral hydrophobic, negatively charged) investigated here
(Figure 7.8). In addition, when comparing the impact of chemical cleaning on the
rejection values of the three groups of TrOC (Figure 7.5 – 7.7), it appears that the
impact of caustic cleaning on negatively charged TrOC rejection was the least
pronounced. Nevertheless, a small but nevertheless discernible decrease in the
rejection of negatively charged TrOC by the NF270 membrane could be observed
after it was exposed to caustic cleaning formulations (Figure 7.8a). As mentioned
before (section 7.3.2.1), no impact of chemical cleaning chemical cleaning on the
charge of the NF270 and NF90 membranes was found in previous studies (section
4.3.2.2 and 6.3.2.2). Consequently, observed variations on negatively charged TrOC
rejection by the caustic cleaned NF270 membrane were attributed predominantly to
the enlargement of the membrane pore size. Once again, no discernible effect on the
rejection of negatively charged TrOC by the NF90 membrane was observed (Figure
7.8b). This observation is consistent with the impact of caustic cleaning on the pore
size of the NF90 membrane (Table 7.3).
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Figure 7.8: Rejection of negatively charged TrOC after 24 h of filtration as a function of the compounds equivalent width by the virgin and
cleaned a) NF270 and b) NF90 membrane. Filtration conditions were as in Figure 7.4.
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7.4

Conclusion

Caustic chemical cleaning can lead to a either permanent or temporary change in the
membrane pore size and thus, membrane performance. The impact of caustic
cleaning on the pore size and solute rejection was found to be a function of the
membrane active skin layer and the chemistry of the cleaning formulation. Caustic
cleaning led to a small increase in pore size of the NF270 membrane (which has a
loose and thin active skin layer), resulting in a notable increase in the permeability
and salt passage. By contrast, caustic cleaning did not exert any significant impact on
the NF90 membrane (which has a thicker active skin layer). The influence of caustic
cleaning on TrOC rejection was shown to be dependent on their molecular size,
charge, and hydrophobicity. The rejection of neutral and hydrophobic TrOC by the
NF270 membrane decreased significantly after exposure to caustic cleaning
formulation, which is attributed to the increased membrane pore size and
hydrophobic interaction with the active skin layer. On the other hand, because the
rejection of negatively charged TrOC is predominantly controlled by electrostatic
interaction, their rejection was less affected by caustic cleaning.
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CHAPTER 8
8IMPACT OF REPETED FOULING AND CLEANING CYCLES ON THE
NANOFILTRATION OF TROC
This chapter has been published as:
Simon, A., Price, W.E., Nghiem, L.D. Changes in Surface Properties and Separation
Efficiency of a Nanofiltration Membrane after Two Repeated Fouling and Chemical
Cleaning Cycles, Separation and Purification Technology (2013), Volume 113, Pages 4250.

____________________________________________________________________
8.1

Introduction

An inherent problem associated with in full scale NF/RO processes is membrane
fouling and the required chemical cleaning process to control membrane fouling
[44]. Membrane fouling occurs through the deposition of organic and inorganic
matter and/or the formation of biofilm on the membrane surface, leading to a decline
in the membrane permeability. In water reuse applications, prevalent forms of
NF/RO membrane fouling include both organic and colloidal fouling [90]. The
fouling process involves chemical and physical interactions between the foulants and
the membrane polymeric surface, which are influenced by the feed temperature and
feed solution chemistry [90]. Depending on the physicochemical properties of the
solute and the membrane, feed solution chemistry and nature of the fouling layer,
membrane fouling may either result in an increase or decrease in TrOC rejection [10,
52, 110]. Membrane fouling can restrict the membrane pores due to pore blocking or
internal foulant adsorption, leading to a decrease in the convective solute transport
through the membrane pores [110]. By contrast, the cake layer may hinder the back
diffusion of solutes away from the membrane surface, leading to CECP and reduced
solute rejection [54, 107, 135]. In addition, membrane fouling can affect charge and
hydrophobic solute-membrane interactions [9, 54, 102, 109, 110]. Subsequent
chemical cleaning to restore the membrane flux can result in the adsorption of
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cleaning additives and/or cause conformational changes of the membrane polymer,
which can further affect the TrOC rejection [16, 17, 162].
In full-scale applications, where NF/RO membranes experience many repetitive
fouling-cleaning cycles, both membrane fouling and chemical cleaning can
simultaneously affect the membrane properties and therefore, the solute rejection.
However, there is a paucity of research on the impact of repetitive membrane fouling
and chemical cleaning cycles on TrOC rejection. The available literature is scarce
and sometimes inconsistent. Košutić and Kunst [127] observed that humic acid
fouling decreased the salt rejection by the enlargement of wider pores. The authors
reported further that subsequent alkaline cleaning could restore the salt rejection,
whereas, a delay in chemical cleaning could lead to a further decrease in rejection. In
another study, Wei et al. [151] reported that the fouling of an NF membrane by
wastewater from a pharmaceutical factory had no impact on salt rejection, whereas,
subsequent caustic or acidic cleaning led to considerable decrease or increase in
rejection, respectively. On the other hand, Klüpfel and Frimmel [144] reported no
significant variation in TrOC rejection due to membrane fouling by surface water
and subsequent caustic cleaning.
The aim of this study is to investigate the impact of repetitive membrane fouling and
chemical cleaning on the rejection of TrOC by an NF membrane. Membrane fouling
was simulated using secondary treated effluent and model fouling solutions
containing humic acids, sodium alginate, or silica colloids. Chemical cleaning was
carried out using a commercially available caustic cleaning formulation. The
morphology of the fouled and chemically cleaned membranes was examined by
scanning electron microscopy and energy dispersive spectroscopy (SEM-EDS). The
changes in conductivity and TrOC rejection caused by membrane fouling and the
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subsequent chemical cleaning were related to the changes in membrane permeate
flux, surface charge and hydrophobicity to elucidate the mechanisms involved.
8.2

Materials and methods

8.2.1

Representative membrane

The thin-film composite NF270 membrane (Dow FilmTec, Minneapolis, MN, USA)
was used in this study. The properties of this membrane can be found in section
4.2.2.

8.2.2

Representative trace organics

Analytical grade sulfamethoxazole and carbamazepine were used to simulate the
behaviour of negatively charged and neutral TrOC, respectively. The physicalchemical properties of both compounds can be found in chapter 4.2.1.

8.2.3

Membrane foulants

8.2.3.1 Selected model foulants
Humic acid, Ludox HS30 silica colloidal and sodium alginate were used to simulate
soluble humic substances, colloidal particles and polysaccharides that are ubiquitous
in secondary treated effluent. These model foulants were purchased from Sigma
Aldrich (Castle Hill, NSW, Australia). The Ludox HS30 was supplied as a 30%
(wt/wt) suspension in water. The hydrodynamic diameter of the Ludox HS30 silica
colloids was estimated to be approximately 9 nm [217]. By contrast, MW of the
humic acid and sodium alginate were in a range 12  80 and 1  100 kDa, respectively
[118].
8.2.3.2 Secondary treated effluent
Secondary treated effluent was employed to simulate a fouling condition typical to
real water reuse applications using NF/RO membrane filtration. The secondary
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treated effluent was obtained from a sewage treatment plant in New South Wales,
Australia. The properties and chemistry of this water are summarised in Table 8.1.
Cations and anions were analysed with an Agilent model 7500CS (Agilent
Technologies, Wilmington, DE, USA) inductively coupled plasma  mass
spectrometry (ICP-MS) and a Shimadzu ion chromatography (IC, Shimadzu, Tokyo,
Japan), respectively. The details of these ICP-MS and IC analyses are available
elsewhere [118].
Table 8.1: Characteristics of the secondary treated effluent.
General properties
Total organic carbon (TOC)
Conductivity
Turbidity
pH

14.79 mg/L
1132 µS/cm
5.78 NTU
6.8
Major anions and cations (mg/L)

-

Cl
SO42NO3Na+
Ca2+
Mg2+
K+

8.2.4

179.3
42.1
14.4
96.8
18.6
10.7
16.9

Membrane cleaning reagent

The commercial available caustic cleaning formulation MC11 (IMCD, Mulgrave,
VIC, Australia) was used as a model cleaning reagent in this study. According to the
manufacturer, MC11 can effectively remove organics, silt and other particulate
deposits from polyamide thin film composite membranes.

8.2.5

Filtration setup and protocol

A laboratory-scale cross-flow NF/RO filtration set-up was used in this study. The
system is described in section 4.2.3.
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The fouling and chemical cleaning experiments were then conducted as follows
(Figure 8.1).

Compaction (overnight)

Flux
(L/m2 h)

Permeate Flux
Filtration
(Step 1)
Fouling
(Step 2)

120

Cleaning
(Step 3)

42

1

22

1

18

1

Time
(hours)

Operation Cycle

Figure 8.1: Schematic diagram of the membrane permeate flux regime during one
cycle of operation.
Step 1: The Milli-Q water was replaced with 10 litre of an electrolyte solution (pH 8)
containing 1 mM CaCl2, 20 mM NaCl, 1 mM NaHCO3 to represent the ionic strength
of secondary effluent. Subsequently, 750 µg/L of each carbamazepine and
sulfamethoxazole was added to the background electrolyte. The system was
stabilized for one hour at a permeate flux of 42 L/m2 h (which is similar to the
nominal permeate flux of the NF270 membrane) and cross-flow velocity of 23.6
cm/s. Subsequently, feed and permeate samples were collected to determine the
rejection of both TrOC and conductivity.
Step 2: The membrane permeate flux was then adjusted to 120 L/m2h and membrane
fouling was initiated by adding a model foulant (i.e. humic acid, silica colloids or
sodium alginate at 20 mg/L) into the feed solution. Membrane fouling was allowed
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to develop for 22 hours. The permeate flux and cross-flow velocity were then
adjusted to 42 L/m2h and 23.6 cm/s, respectively, and the rejection of TrOC and
conductivity were measured again after stabilizing the system for one hour as in Step
1.
Step 3: Following the membrane fouling step, the model fouling solution was
replaced with 4 litres of the cleaning reagent MC11. Chemical cleaning of the fouled
membrane was carried out by blocking the permeate outlet and circulating the
solution for 18 hours at a cross-flow velocity of 70 cm/s. Subsequently the cleaning
solution was removed, and the system rinsed with a copious amount of Milli-Q
water. The chemically cleaned membrane was operated using an identical
background electrolyte solution as previously described in Step 1. The rejection
values of TrOC and conductivity as well as the permeate flux after chemical cleaning
were measured again after stabilizing the system for one hour as in Step 1.
Steps 1-3 were repeated to simulate another fouling/chemical cleaning cycle. The
temperature of the feed and cleaning solutions was kept at 20 ± 0.1 °C in all
experiments. When the secondary treated effluent was used to simulate fouling, the
experiments were performed using the same protocol as described above using the
secondary treated effluent solution instead of the synthetic fouling solution. In
addition, the background electrolyte used to measure the permeability and rejection
of virgin and cleaned membrane was modified to match with the ionic strength and
pH of the secondary effluent. For this, the electrolyte used in step 1 was diluted with
Milli-Q water and the solution pH was adjusted using HCl. The fouled membrane
flux ratio (FFR), flux recovery (Flux Rec) and rejection (R) are calculated as below.

FFR (%) = (

J af
J virgin

) × 100

Eq. 13
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Flux Rec (%) = (

R (%) = (1 -

Cp
Cf

J ac
) × 100
J virgin

Eq. 14

) ×100

Eq. 15

Where Jvirgin is the virgin membrane permeate flux and Jaf and Jac is the permeate flux
after fouling and cleaning, respectively. Cp and Cf are the concentration in the
permeate and feed solution, respectively.
The fouling and cleaning cycles simulated in this study differs from that in full-scale
applications, where membrane fouling tends to occur over several weeks or months
and chemical cleaning is usually conducted when the flux decline has reached
approximately 10% [59]. However, because the impact of fouling on rejection is
governed by the interaction among the foulant, membrane and solute, the fouling
simulation protocol adapted here is representative of a typical full-scale application.
Similar fouling simulation protocols have been used in several other studies [52, 54]
[95, 135]. It is also noteworthy that the cleaning protocol adapted here aimed to
simulate a cleaning event for a severely fouled membrane [161].

8.2.6

Membrane characterisation measurements

8.2.6.1 Contact angle
Contact angle of the virgin, fouled and chemically cleaned membrane samples were
performed with a Rame-Hart Goniometer (Model 250, Rame-Hart, Netcong, NJ)
using the standard sessile drop method. The measuring protocol can be found in
section 4.2.5.3.
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8.2.6.2 Zeta Potential
The streaming potential of the membrane surface was measured using a SurPASS
Electrokinetic Analyser (Anton Paar GmbH, Graz, Austria). The measuring protocol
can be found in section 4.2.5.1.
8.2.6.3 Scanning Electron Microscopy and Energy Dispersive Spectroscopy
Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) of
the membrane surface were carried out using a JSM-6490LA (JEOL, Tokyo, Japan).
Prior to the analysis, the membrane samples were coated with a thin layer of carbon
using a carbon sputter (SPI Module, West Chester, PA, USA). Images of fouled and
chemically cleaned NF270 membrane samples were taken at 15,000 times
magnification, 20 KV and the spotsize of 40 nm. Energy dispersive spectrometry was
conducted (EDAX, Mahwah, NJ, USA) at 2,000 times magnification, at 15 kV and
the spotsize of 55 nm.

8.2.7

Analytical methods

A high-pressure liquid chronograph (HPLC, Shimadzu, Kyoto, Japan) equipped with
a Discovery C18 column (with diameter, length and pore size of 4.6 mm, 300 mm
and 5 µm, respectively) was used to analyse sulfamethoxazole and carbamazepine. A
detailed measurement protocol can be found in section 4.2.6.
8.3

Results and Discussion

8.3.1

Membrane fouling and permeate flux recovery

NF270 is a loose NF membrane [82, 180]. As a result, the permeate flux decline
caused by organic fouling (i.e. humic acid, sodium alginate, and secondary treated
effluent) appeared to occur in two separate phases, as reported in a previous study
[53]. The initial phase involved pore blocking, which resulted in a rapid decline in
the membrane permeate flux (Figure 8.2). Subsequently, the permeate flux decline
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became gradual which could be attributed to the build-up of an organic fouling layer
on the membrane surface. By contrast, the permeate flux decline due to silica
colloidal fouling was less severe than by organic fouling (Figure 8.2). The
hydrodynamic diameter of the silica colloids (9 nm [217]) used in this study was
significantly larger than the average pore diameter of the NF270 membrane (0.84 nm
[82]). Therefore, adsorption or pore blocking of the membrane surface due to silica
colloidal fouling would be negligible. The gradual flux decline due to silica colloidal
fouling observed in Figure 8.2 may be attributed to the build-up of a colloidal cake
layer on the membrane surface.
The permeate flux decline profiles due to organic fouling differ slightly between
virgin and chemically cleaned membranes (Figure 8.2). This is likely due to the
alteration of the membrane surface roughness and hydrophobicity caused by
chemical cleaning (section 4.3.1.2 and 5.3.1.2). In fact, while these variations (Figure
8.2) may not be statistically significant, changes in the membrane surface properties
and separation efficiency due to chemical cleaning are quite significant, as it will be
discussed further in the subsequent sections. On the other hand, no significant
disparity in permeate flux decline due to silica colloidal fouling between the two
operation cycles could be observed. As discussed above, membrane fouling caused
by the relative large size of the silica colloids was due to the formation of the
colloidal cake layer on the membrane surface. Consequently, the fouling process was
not significantly influenced by the membrane physicochemical properties.
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Figure 8.2: Permeate flux as a function of the fouling layer development. The
fouling mix was 10 litre of secondary treated effluent or 10 litre background
electrolyte containing 1 mM CaCl2, 20 mM NaCl, 1 mM NaHCO3 and 20 mg/L of
model foulant (i.e. humic acid, silica colloids or sodium alginate). Fouling
development was started at a permeate flux of 120 L/m2 h. The cross-flow velocity
and temperature during the fouling process were 23.6 cm/s and 20 ± 0.1 C,
respectively. After each fouling process, subsequent caustic cleaning was carried out
for 18 hours
Under all fouling conditions, flux recovery using the MC11 formulation was higher
than that of the virgin membrane (Figure 8.3), which is consistent with section
6.3.1.3. In addition, Liikanen et al. [17] also reported that caustic chelating reagents
in combination with a caustic cleaner resulted in the best membrane cleaning
efficiency with respect to both flux recovery and foulant removal. Caustic formulated
cleaning is effective in the removal of organic foulants as it enhances the charge
repulsion of negatively charged foulants from the deprotonated membrane surface. In
addition, alkaline metal chelating reagents, such as EDTA, have a strong chelating
ability, which disrupt intermolecular foulant–cation bridges and thus, supports the
opening of the organic foulant layer. The strong caustic solution emulsifies also fats
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and oils and hydrolyses proteins and polysaccharides [59]. Furthermore, charge
repulsion between the membrane polymeric functional groups can also result in the
enlargement of the membrane pores and/or an increase in the porosity of the
membrane skin layer. Membrane interaction with alkaline cleaning detergents, such
as EDTA, can further aggravate this effect [17]. Due to hysteresis, the membrane
porosity does not immediately return to its normal condition when the caustic
cleaning solution is replaced by an aqueous feed solution at near neutral pH.
Consequently, following caustic cleaning, the membrane permeate flux observed can
be higher than that of a virgin membrane (Figure 8.3). A similar observation was also
reported in a previous section, when the virgin NF270 membrane was exposed to the
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Figure 8.3: Normalised post fouling and cleaning flux. The fouling conditions were
as in Figure 8.2. Chemical cleaning was performed for 18 hours at pH 11.2. Crossflow velocity and temperature during chemical cleaning were 70 cm/s and 20 ± 0.1
C, respectively.
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8.3.2

Impact on membrane surface properties

8.3.2.1 Surface morphology
Membrane fouling caused by humic acids, sodium alginate, secondary treated
effluent, and silica colloids resulted in the fouling layer covering the entire
membrane surface (Figure 8.4). In good agreement with the changes in the permeate
flux observed in Figure 8.3, humic acid, sodium alginate, and secondary treated
effluent resulted in a dense fouling layer, whereas, the silica colloidal fouling layer
was quite porous (Figure 8.4). Caustic cleaning removed most of the foulants from
the membrane surface (Figure 8.4). However, it was also observed that the removal
of foulants from the membrane surface was not complete. Indeed, SEM micrographs
of the chemically cleaned membrane showed granular-like features on the membrane
surface (Figure 8.4). It is noteworthy that the virgin NF270 has a very smooth
surface and these granular-like features were not observed on the virgin NF270
membrane (data not shown). Thus, these granular-like features are likely to be
foulant residues on the membrane surface and/or caused by an increase in surface
roughness as a response to caustic chemical cleaning.
In good agreement with the SEM micrographs, EDS data of the fouled and cleaned
NF270 membrane surfaces differ distinctively from each other (Figure 8.4). Carbon,
oxygen, and sulphur were identified as the main elements of the virgin NF270 (data
not shown) and membrane fouling added further characteristic key elements such as
silica and calcium of the corresponding foulants. It is important to note the large
calcium peak obtained from the humic acid and sodium alginate, since calcium
accelerates and aggravates organic fouling by complexing with the organic
molecules [95] (Figure 8.4a and c). The incomplete foulant removal by the chemical
cleaning procedure used is also supported in the EDS data (Figure 8.4). Trace

- 167 -

Chapter 8 Impact of multiple fouling and cleaning cycles on the nanofiltration of TrOC

amounts of silica and calcium were found on the membrane surface after the
membrane was fouled by silica colloidal and secondary treated effluent and then
cleaned with the MC11 reagent (Figure 8.4b and d).
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Figure 8.4: SEM-EDS images of a) humic acid, c) silica colloidal, d) sodium
alginate and c) secondary treated effluent fouled and, after two cycles of operating,
cleaned NF270. Micrographs of fouled and chemically cleaned NF270 membrane
samples were made at 15,000 times magnification, 20 kV and a spot size of 40 nm.
EDS was undertaken at 2,000 times magnification, at 15 kV and a spot size of 55 nm.
Fouling and cleaning conditions were as in Figure 8.2 and Figure 8.3, respectively.
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8.3.2.2 Hydrophobicity
In its virgin state, the NF270 membrane had a hydrophilic surface [180]. Once
fouled, the membrane surface was covered with the foulant and the surface
hydrophobicity of the fouled membrane reflects the hydrophobicity of the foulant
itself (Figure 8.5) [81]. Changes observed in the membrane surface hydrophobicity
due to humic acids, sodium alginate and secondary treated effluent fouling are
consistent with data previously reported by Fujioka et al. [118]. Silica colloids are
quite hydrophilic due to their negatively charged silanol groups [218]. Therefore,
while organic fouling resulted in significant hydrophobicisation of the membrane
surface, no impact on the membrane hydrophobicity could be observed due to silica
colloidal fouling (Figure 8.5).
It is noteworthy that following the two repetitive fouling-cleaning cycles, chemical
cleaning could not restore the surface hydrophobicity of the NF270 membrane to its
initial (virgin) condition (Figure 8.5), which is consistent with the literature [219].
Weiss et al. [219] observed a permanent increase in the surface hydrophobicity after
several cycles of fouling and caustic cleaning of polyethersulphone and polysulphone
UF-membranes. In fact, in this study, the hydrophobicity of the chemically cleaned
membrane resembled the hydrophobicity of the fouled membrane. There are three
possible explanations for this observation. Firstly, caustic chemical cleaning may
result in a more hydrophobic membrane surface due to possible conformational
modifications of the membrane polymeric matrix as a result of the harsh caustic
cleaning regime. Secondly, the metal chelating reagents used in commercially
available cleaning formulations may adsorb to the membrane matrix, rendering the
membrane surface more hydrophobic. Indeed, the previous study (section 6.3.1.2)
showed that exposing the NF270 membrane to the MC11 cleaning formulation could
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result in a slight increase in the surface hydrophobicity. This, however, cannot fully
explain the increased membrane surface hydrophobicity after chemical cleaning
observed in Figure 8.5. In fact, when Ludox HS30 silica colloids were used to
simulate fouling, the contact angle of the membrane surface after chemical cleaning
was 40º, which is only slightly higher than that of the virgin membrane.
Consequently, the third possibility resulting in the high hydrophobicity of the
membrane surface after organic fouling and chemical cleaning reported in this study
was the presence of organic foulant residues on the membrane surface. This premise
is also consistent with SEM-EDS observations described in the previous section.
It is noteworthy that different trends in membrane surface hydrophobicity due to
fouling were also reported in other studies [54, 109]. The discrepancies between this
study and that of other authors were probably caused by the difference in the
physicochemical properties of the foulants and the initial hydrophobicity of the
membranes.
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Figure 8.5: Surface hydrophobicity of the fouled and, after two cycles of operation,
cleaned NF270 membrane. Fouling and cleaning conditions were as in Figure 8.2
and Figure 8.3, respectively. Error bars show standard deviation of five replicate
experiments.
8.3.2.3 Membrane charge
The surface charge (or zeta potential) of the virgin NF270 membrane changed from
being slightly positively charged below a pH of 3 to being significantly negatively
charged as the solution pH increased (Figure 8.6). The dependence of the membrane
zeta potential on the background solution pH could be attributed to the dissociation
of carboxylic (COOH) or amide (NH) functional groups of the active skin layer [66].
Once fouled by organic foulants, the surface charge of the NF270 membrane became
slightly more negatively charged. This observation is most evident with sodium
alginate fouling (Figure 8.6), possibly because of the abundance carboxylic and
hydroxyl functional groups in the sodium alginate molecule [90, 220]. Although the
Ludox HS30 silica colloids have been reported to be very negatively charged [217,
220], silica colloidal fouling did not result in any discernible changes in the
membrane surface charge. This is possibly due to the instability of the silica colloidal
fouling layer, which could be removed by the high wall-shear stress during the
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streaming potential measurement [53]. Several previous studies have also found no
significant impact of silica colloidal fouling on the membrane surface charge [53,
109].
Following two organic fouling and cleaning cycles, chemical cleaning could not
return the surface charge of the NF270 membrane to its initial condition (Figure 8.6).
In previous studies (section 4.3.1.1 and 6.3.1.1), it has been demonstrated that
exposing the clean NF270 membrane to various chemical cleaning reagents and
formulations did not result in any discernible changes in the membrane surface
charge. Thus, the increase in membrane surface charge observed here is likely due to
the presence of organic residues on the membrane surface as discussed in section
8.3.2.1, which rendered the membrane surface not only more hydrophobic (section
8.3.2.2), but also the more negatively charged. In contrast, no significant impact on
the surface charge of the cleaned NF270 membrane was found when the Ludox
HS30 was used to simulate silica colloidal fouling on the NF270 membrane. As
discussed above, this is possibly because the silica colloidal fouling layer was
unstable and could be readily removed by the high wall-shear stress during the zeta
potential measurement.
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Figure 8.6: Zeta potential of the a) fouled and, after two cycles of operation, b)
cleaned NF270. Streaming potential measurement was conducted in 1 mM KCl at 20
± 1 °C. Fouling and cleaning conditions were as in Figure 8.2 and Figure 8.3,
respectively. Error bars show the measured standard deviation of three replicate
experiments.
8.3.3

Impact on rejection

8.3.3.1 Conductivity
The change in the rejection of inorganic salts (measured by conductivity) by the
NF270 membrane due to repetitive fouling and chemical cleaning cycles is presented
in Figure 8.7. It is noteworthy that conductivity rejection was measured at the same
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permeate flux to allow for a systematic comparison amongst the different membrane
conditions. The influence of membrane fouling on the rejection of inorganic salts by
a loose NF membrane could be determined by four distinctive mechanisms: pore
blocking, the additional filtration effect of the fouling layer, changes in the
membrane surface charge and CECP [10, 107]. In good agreement with the literature,
the interplay between these mechanisms can also be seen here. As previously shown
in Figure 8.3, humic acid fouling resulted in the most severe decrease in membrane
permeability due to pore blocking and the build-up of a humic acid fouling layer on
the membrane surface. As a result, conductivity rejection increased considerably
after the first fouling cycle (Figure 8.7). It is noteworthy that the increase in
conductivity rejection due to humic acid fouling observed here could also be
attributed to some extent to the small increase in the membrane negative surface
charge as reported in Figure 8.6. On the other hand, when the membrane was initially
fouled with or silica colloids, sodium alginate or secondary treated effluent (which
had a different ionic composition compared to that of the three model fouling
solutions), the impact of fouling on conductivity rejection was insignificant. This is
possibly because the CECP phenomenon could result in a decrease in the
conductivity rejection, which counteracts the effect of pore blocking or the increase
in membrane surface charge. CECP is particularly prevalent on colloidally fouled
membranes, given the porous nature of the fouling layer [106, 107]. It is also
noteworthy that the use of Ludox HS30 silica colloids and secondary treated effluent
resulted in a much lower decrease in membrane permeability in comparison to humic
acid and sodium alginate.
Subsequent caustic cleaning removed most of the foulants from the membrane
surface as discussed in section 8.2.2.1. Caustic cleaning also led to an increase in the
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membrane pore size and/or porosity and thus in the membrane permeability as
reported in Figure 8.3. As a consequence, a significant decrease in conductivity
rejection was observed immediately after caustic cleaning regardless of the previous
fouling condition (Figure 8.7). The second fouling cycle again resulted in an increase
in conductivity rejection, although not as significant as the first one. Similarly, a
decrease in conductivity rejection could also be observed after the second cleaning
cycle. There appears to be a progressive modification of the membrane properties,
leading to a gradual decrease in conductivity rejection after each cleaning cycle. This
was observed when fouling was simulated using humic acid, sodium alginate, and
silica colloids but not secondary treated effluent. Further studies are necessary to
fully substantiate this observation.
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Figure 8.7: Conductivity rejection of virgin, fouled and cleaned NF270. Fouling and
cleaning conditions were as in Figure 8.2 and Figure 8.3, respectively. Cross-flow
velocity, permeate flux and temperature during the filtration were 30.4 cm/s, 42 L/m 2
h and 20 ± 0.1 C, respectively. Error bars show the measured standard deviation of
three replicate experiments with different membrane samples.
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8.3.3.2 TrOC rejection
Figure 8.8 shows the impact of two successive fouling and cleaning cycles on the
rejection of carbamazepine and sulfamethoxazole by the NF270 membrane. It is
noteworthy that the secondary treated effluent had a pH value of 6.8, while that of
the synthetic fouling solution (i.e. synthetic solutions containing a model foulant) had
a pH value 8. Solution pH may influence the rejection of ionisable TrOC by
changing slightly the surface charge of the membrane and the distribution between
neutral and charged species at the vicinity of the compound pKa value (or the
speciation of the compound). However, within an environmental pH range,
carbamazepine is a non-ionisable and neutral organic compound. On the other hand,
for pH‘s above 5.81 (which is the pKa value of sulfamethoxazole) sulfamethoxazole
is negatively charged. Therefore, the difference in pH values in Figure 8.8 is not
expected to significantly influence the rejection efficiency of either carbamazepine or
sulfamethoxazole.
In general, the impact of two repetitive fouling and cleaning cycles on the rejection
of carbamazepine is consistent with that of conductivity, reported in the previous
section. Because membrane fouling by humic acid and secondary treated effluent
caused pore blocking of the NF270 membrane, carbamazepine rejection increased
considerably after the first fouling cycle (Figure 8.8a). Changes in the rejection of
carbamazepine caused by silica colloidal and sodium alginate fouling were less
apparent. As discussed in the previous section, the CECP phenomenon caused by
silica colloidal and to some extent sodium alginate fouling may off-set the impact of
pore blocking [102]. In good agreement with the results reported above, subsequent
caustic cleaning rendered the NF270 membrane more open and thereby significantly
increased the membrane permeability (Figure 8.3) and carbamazepine transport
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compared to that of the virgin NF270 membrane (Figure 8.8a). It is also noteworthy
that the impact of fouling and cleaning on carbamazepine rejection was different
amongst the two fouling-cleaning cycles. This is possible due to the progressive
modification of the membrane surface caused by each fouling or cleaning stage such
as the adsorption of the negatively charged and hydrophobic foulants and/or the
escalating impact of caustic cleaning on the membrane polymer. However, the exact
mechanisms remain unknown and are subject for further investigation. In comparison
to carbamazepine, sulfamethoxazole is negatively charged at both pH of 6.8 and 8.
Therefore, the rejection of sulfamethoxazole is governed by both size exclusion and
electrostatic repulsion. After the first fouling cycle, the rejection of the negatively
charged sulfamethoxazole increased and varied only slightly as a response to further
successive fouling and cleaning events (Figure 8.8b). This permanent increase in
sulfamethoxazole rejection is likely due to the adsorption of negatively charged
foulants to the membrane polymer. This effect seems to be permanent, since
chemical cleaning could not recover the membrane charge as previously discussed in
section 8.3.2.3.
It is, however, interesting that the severe decrease in conductivity and carbamazepine
rejection observed after each caustic cleaning cycle might not be permanent as also
previously reported (section 6.3.3). In this previous study, it was shown that dual step
cleaning (i.e. caustic cleaning followed by acidic cleaning) could minimise the
impact of caustic cleaning on neutral solute rejection by a NF270 membrane.
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Figure 8.8: a) Carbamazepine and b) sulfamethoxazole rejection of virgin, fouled
and cleaned NF270. Fouling and cleaning conditions were as in Figure 8.2 and
Figure 8.3, respectively. Filtration conditions were as in Figure 8.7. Error bars show
the measured standard deviation of three replicate experiments with different
membrane samples.
8.4

Conclusion

Repetitive membrane fouling and chemical cleaning resulted in notable changes in
NF membrane surface properties and solute separation efficiency. The impact of
membrane fouling on solute rejection was governed by pore blocking, modification
of the membrane surface charged, and CECP in agreement with the literature.
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Caustic cleaning was effective in restoring the membrane permeability. However,
SEM-EDS analysis revealed that the caustic cleaning procedure used in this study
could not completely remove all foulants from the membrane surface. The remaining
foulants could be responsible for the observed changes in the membrane surface
hydrophobicity and zeta potential. Another significant mechanism governing the
impact of chemical cleaning on solute rejection is the temporary enlargement of the
membrane pores immediately after caustic cleaning. This resulted in a considerable
decrease in the rejection of inorganic salts and the neutral TrOC carbamazepine after
each caustic cleaning event. By contrast, caustic cleaning did not significantly
influence the rejection of the negatively charged TrOC sulfamethoxazole. This is
because the rejection of sulfamethoxazole was influenced predominantly by
electrostatic interactions between the compound and the membrane negatively
charged surface, and thus is not significantly influenced by any enlargement of
membrane pores.
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CHAPTER 9
9CONCLUSIONS, GENERAL RECOMMENDATIONS AND SUGGESTIONS
FOR FUTURE RESEARCH
9.1

Conclusions

This thesis evaluated the impact of fouling and chemical cleaning on TrOC removal
by NF/RO filtration by:


systematically and critically reviewing the current literature on the impact of
membrane fouling and chemical cleaning on TrOC removal and by
identifying research gaps.



conducting experimental work to broaden the knowledge of mechanisms that
influence the removal of TrOC by membrane filtration with respect to the
physicochemical properties of TrOC and membranes.

In chapter 4, the effects of exposing the NF270 membrane to chemical cleaning
reagents including citric acid, NaOH, SDS, and EDTA at different strength on the
rejection

of

one

neutral

(carbamazepine)

and

one

negatively

charged

(sulfamethoxazole) model TrOC were systematically investigated. The impact of
chemical cleaning pH on solute rejection was consistent with the impact on
permeability. Following caustic (NaOH) cleaning, a decrease in the conductivity and
neutral carbamazepine rejection was observed. In addition, a small reduction in salt
rejection was also found after strong citric acid cleaning. However, no impact in the
rejection of the negatively charged sulfamethoxazole was observed due to chemical
cleaning. It is possible that following chemical cleaning, variations in solute rejection
were caused by changes in the membrane porosity and the hydrophobicity within the
membrane active layer. The effect of EDTA and SDS cleaning on the separation
performance of the NF270 membrane was the smallest of the four reagents
investigated.
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In chapter 5, the effect of cleaning temperature on the nanofiltration of
carbamazepine and sulfamethoxazole was investigated by exposing virgin NF270
membrane samples to Milli-Q water, citric acid, NaOH, EDTA and SDS at different
temperatures. Elevated cleaning temperature resulted in the tightening of the
membrane polymer and therefore, amplified the decrease in the membrane
permeability and carbamazepine (which is a neutral TrOC) passage when citric acid
was used. On the other hand, the membrane permeability and solute rejection only
varied slightly with the cleaning temperature when a caustic (NaOH) cleaning
solution was used due to opposing effects on the rejection. Chemical cleaning at all
temperatures did not affect the removal of negatively charged TrOC. Results
obtained from FTIR analysis showed that chemical cleaning even at a high
temperature did not permanently alter the chemical composition of the membrane
active or support layer. Therefore, it is hypothesized that the effects of chemical
cleaning at elevated temperatures on the properties of NF membranes was due to
conformational changes of the polymeric matrix in the membrane skin layer.
Chapter 6 investigated the effect of two caustic  namely MC11 and PC98  and
one acidic  MC3  commercial available cleaning formulations on the rejection of
carbamazepine and sulfamethoxazole by NF270, NF90 and TFC-SR100 membranes.
Caustic formulated cleaning led to a significant increase in the permeability and
passage of salts and neutral carbamazepine through the NF270 membrane. Indeed,
the variations in the permeability, neutral TrOC and salt rejection caused by chemical
cleaning with cleaning formulations were more significant than that of plain cleaning
reagents, which was likely caused by both the adsorption of cleaning additives and
conformational rearrangements of polymeric chains in response to caustic cleaning.
In contrast, chemical cleaning with the acidic formulation caused only a small
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decrease in the permeate flux and rejection of the NF270 membrane. Chemical
cleaning caused only insignificant variations on the performance of the NF90 and
TFC-SR100 membranes, which was likely because of their thicker and denser
polyamide skin layers. The results in chapter 6 also showed that the impact of caustic
chemical cleaning was not permanent and could be minimised by adapting an
appropriate strategy involving caustic cleaning followed by acidic cleaning.
In chapter 7, the impact of formulated cleaning on the nanofiltration of 35 TrOC of
various physicochemical properties (i.e. charge, size and hydrophobicity) was
investigated. Chemical cleaning was simulated by exposing virgin NF270 and NF90
membrane samples to two caustic commercially cleaning solutions  namely MC11
and PC98  and two pre-mixed caustic solutions containing SDS and EDTA. The
chemical cleaning of the NF270 membrane slightly enlarged the membrane pore
size, which resulted in a significant increase in the permeate flux, salt and neutral
TrOC passage through this membrane. On the other hand, smaller variations in the
permeate flux and no variations in the pore size, salt and TrOC rejection were found
for the NF90 membrane. Among the TrOC studied in this chapter, hydrophobic
TrOC rejection was most significantly decreased due to chemical cleaning, possibly
by both reduced steric hindrance and hydrophobic interactions with the membrane
polymer. In contrast, the rejection of negatively charged TrOC varied only a little
due to caustic formulated cleaning. The results reported in chapter 7 suggest that the
impact of caustic cleaning formulations on the nanofiltration of TrOC is highly
dependent on the physical-chemical properties of the membrane and TrOC.
The aim of chapter 8 was to evaluate the changes in membrane surface properties
and TrOC separation by the NF270 membrane during repetitive membrane fouling
and chemical cleaning. Secondary treated effluent and model fouling solutions
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containing humic acids, sodium alginate, or silica colloids were used to simulate
membrane fouling. Subsequent chemical cleaning was carried out with the caustic
MC11 cleaning formulation. Again, carbamazepine and sulfamethoxazole were
selected to represent a neutral and a negatively charged TrOC. Results showed that
the impact of membrane fouling on solute rejection was governed by pore blocking,
modification of the membrane surface charge and CECP. Caustic cleaning was
effective in controlling the membrane fouling; however, microscopic observations
revealed some degree of irreversible fouling on the chemically cleaned membrane.
Thus, the membrane surface hydrophobicity and zeta potential changed over
successive operating cycles. The temporary enlargement of the membrane pores due
to caustic cleaning subsequently led to notable decreases in the rejection of salts and
carbamazepine and sulfamethoxazole in its neutral form. By contrast, the impact of
chemical cleaning on the rejection of the negatively charged sulfamethoxazole was
negligible.
9.2

Recommendations and future research

It would be advantageous to develop a mathematical model to predict the potential
impact of fouling and chemical cleaning on membrane performance and TrOC
removal. This model should consider the relation of key factors that can affect the
rejection of TrOC (Figure 9.1). These are the membrane properties, membrane
fouling, the chemical cleaning regime and the physicochemical properties of the
TrOC. A model, which considers all four aspects mentioned above, can only be
developed by further intensive research work. This involves, in particular, the impact
of chemical cleaning on TrOC removal by NF/RO, given the significantly low
research activity within this field.
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Chemical cleaning
Reagent (i.e. caustic,
acidic…), strength, time
of exposure, cross-flow
velocity, temperature,
cleaning efficiency

TrOC
Charge,
hydrophobicity, size,
polarity, shape,
concentration

Feed

Fouling
Type (i.e. organic,
inorganic…), chemistry,
layer thickness, charge,
porosity, hydrophobicity

Influence

Membrane
Type (i.e. NF/RO),
porosity, chemistry,
charge,
hydrophobicity,
roughness,
permeability

Variations in
TrOC Passage

Permeate
Figure 9.1: Factors influencing the TrOC rejection in NF/RO filtration.
The results reported in chapter 5 and 6 have identified two possibilities to limit the
impact of chemical cleaning on the membrane performance and TrOC removal,
which should be further evaluated by future research. It has been shown that elevated
cleaning temperatures can compensate for the effect of caustic cleaning on the
nanofiltration of solutes. This effect has been hardly ever investigated in the
literature. It can be hypothesized that there is a relation of cleaning pH to
temperature, where the impact of caustic cleaning on membrane performance is
minimal. Such a relation might be possible to be determined by future studies as a
simple rule of thumb for polyamide membranes.
A further practical recommendation is always to follow caustic cleaning with acidic
cleaning to recover the rejection of the membrane. However, the efficiency of acidic
cleaning to recover the performance of caustic cleaned membranes has not been
systematically investigated in the literature. As discussed in section 4.3.1.3 and 6.3.3,
the recovery of the membrane performance is a function of solution pH and exposure
time. However, the recovery of polyamide membranes after harsh caustic cleaning is
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also likely a function of the solution temperature and/or the composition of the
membrane (i.e. polymer, porosity, and top-layer thickness). Therefore, it is
recommended to evaluate the effect of dual-step cleaning on the membrane
performance in detail in future studies.
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17b-estradiol

Amtriptyline

Androstendione
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Androsterone

Atrazine

Caffeine

Carbamazepine
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Clozapine

DEED

Diclofenac

Dilantin

Estriol
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Estrone

Etiocholanolone

Fluoxetine

Gemfibrozil

Ibuprofen
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Ketoprofen

Linuron

Meprobamate

Naproxen

Omeprazole

Paracetamol
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Primidone

SalicilicAcid

Sulfamethoxazole

t-Octylphenol

TCEP
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Testosterone

Triclosan

Trimethoprim

Verapamil
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